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© On a silicon substrate (1) is formed a silicon 
dioxide film (5) and then hemispherical grains made 
of silicon, each having an extremely small diameter, 
are deposited thereon by LPCVD (6). After annealing 
the hemispherical grains, the silicon dioxide film is 
etched using the hemispherical grains as a first 
dotted mask, thereby forming a second dotted mask 
composed of the silicon dioxide film. The resulting 
second dotted mask is used to etch the silicon 
substrate to a specified depth from the surface 
thereof, thereby forming an aggregate of semicon- 
ductor micro-needles. Since the diameter of each of 
the semiconductor micro-needles is sufficiently small 
to cause the quantum size effects as well as has 
only small size variations, remarkable quantum size 
effects can be obtained. Therefore, it becomes pos- 
sible to constitute a semiconductor apparatus with a 
high information-processing function by using the 
aggregate of semiconductor micro-needles (quan- 
tized region). 
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BACKGROUND OF THE INVENTION 

In recent years, there has been developed an 
optical element in which porous silicon is formed to 
be used as a light emitting element Japanese 5 
Laid-Open Patent Publication No. 4-356977 dis- 
closes such an optical element, in which a large 
number of micro-pores 102 are formed in the sur- 
face region of a silicon substrate 101 by anodiza- 
tion, as shown in FIG. 33. If the porous silicon is w 
irradiated with light, photoluminescence having its 
absorption edge in the visible region is observed, 
which implements a light-receiving/light-emitting 
element using silicon. That is, in a normal semicon- 
ductor apparatus composed of single-crystal sili- is 
con, an excited electron makes an indirect transi- 
tion to a lower energy level so that the energy 
resulting from the transition is converted into heat 
which renders light emission in the visible region 
difficult. However, there has been reported a phe- 20 
nomenon that, if silicon has a walled structure, 
such as porous silicon, and its wall thickness is 
about 0.01 urn, the band width of the silicon is 
enlarged to 1.2 to 2.5 eV due to the quantum size 
effects, so that an excited electron makes a direct 25 
transition between the bands, which enables light 
emission. 

It has also been reported that two electrodes 
are provided on both ends of the porous silicon so 
that electroluminescence is observed by the ap- 30 
plication of an electric field. 

However, if electroluminescence is to be ob- 
tained by the application of an electric field or 
photoluminescence is to be obtained by the irradia- 
tion with light of the porous silicon formed by 35 
anodization in the surface region of the silicon 
substrate 101 as shown in FIG. 33, the following 
problems are encountered. 

That is, the diameter and depth of the micro- 
pore 102 formed by anodization are difficult to 40 
control, tn addition, the configuration of the micro- 
pore 102 is complicated and the distribution of its 
wall thickness is extremely random. As a result if 
etching is intensely performed in order to reduce 
the wall thickness, the wall portions may be par- 
tially torn and peeled off the substrate. Moreover, 
since the distribution of the wall thickness is ran- 
dom, the quantum size effects are not generated 
uniformly over the whole wall portions, so that light 
emission with a sharp emission spectrum cannot 
be obtained. Furthermore, the wall surface of the 
micro-pore in the porous silicon readily adsorbs 
molecules and atoms during anodization, due to its 
complicated configuration. Under the influence of 
the atoms and molecules attached to the surface of 
the silicon, the resulting optical element iacks the 
capability of reproducing a required emission 
wavelength and its lifespan is also reduced. 



On the other hand, with the development of the 
present information-oriented society, a semicon- 
ductor apparatus in which a semiconductor inte- 
grated circuit is disposed has presented an in- 
creasing tendency toward the personalization of 
advanced info-communication appliances with large 
capacities. In other words, there has been a de- 
mand for appliances which enable advanced in- 
formation transmission to and from a hand-held 
computer or cellular phone. To meet the demand, it 
is required to not only enhance the performance of 
the conventional semiconductor apparatus, which 
processes only electric signals, but also implement 
a multi-function semiconductor apparatus which 
processes light, sounds, etc., as well as electric 
signals. FIG. 34 shows the cross sectional structure 
of a three-dimensional integrated circuit system 
that has been developed in order to satisfy the 
requirements. Such a three-dimensional integrated 
circuit system is expected to surmount the min- 
iaturization limit inherent in the conventional two- 
dimensional integrated circuit system as well as 
improve and diversify functions to be performed. In 
the drawing, a PMOSFET 110a consisting of a 
source 103, a drain 104, a gate oxide film 105, and 
a gate 106 is formed in the surface region of an n- 
well 102, which is formed in a p-type silicon sub- 
strate 101a as a first layer. In the surface region of 
the first-layer silicon substrate 101a are formed 
semiconductor apparatus including an NMOSFET 
110b consisting of the source 103, drain 104, gate 
oxide film 105, and gate 106. There are also 
formed a connecting wire 107 between the source 
and drain regions and an inter-layer insulating film 
108 for covering each region, which has been 
flattened. On the inter-layer insulating film 108 is 
formed a second-layer silicon substrate 101b made 
of single-crystal silicon. On the second-layer silicon 
substrate 101b are also formed semiconductor ap- 
paratus such as the PMOSFET 110a and NMOS- 
FET 110b, similarly to the semiconductor appara- 
tus on the above first-layer silicon substrate 101 a. 
The semiconductor apparatus in the first layer and 
the semiconductor apparatus in the second layer 
are electrically connected via a metal wire 109 
(see, e.g., "Extended Abstracts of 1st Symposium 
on Future Electron Devices," p.76, May 1982). 

However, such a three-dimensional integrated 
circuit system has the following problems. The wire 
109 is formed by a deposition method in which, 
after a contact hole was formed, a wiring material is 
deposited and buried in the contact hole. Since the 
resulting contact hole becomes extremely deep, 
deficiencies such as an increase in resistance val- 
r,5 ue and a break in wiring are easily caused by a 
faulty burying of the wiring material, resulting in 
poor reliability. With such problematic manufactur- 
ing technology, it is difficult to implement a three- 
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dimensional integrated circuit system which can be 
used practically. In particular, it is extremely dif- 
ficult to implement an integrated circuit system in 
more than three dimensions. 

SUMMARY OF THE INVENTION 

The present invention has been achieved by 
focusing on the fact that, if a structure in which a 
large number of semiconductor micro-needles are 
arranged is used instead of a porous structure, the 
diameters of the semiconductor micro-needles be- 
come uniform. It is therefore a first object of the 
present invention to provide a quantized region for 
implementing intense light emission with a narrow 
wavelength distribution, such as elec- 
troluminescence or photoluminescence, and con- 
version of optical signals to electric signals. 

A second object of the present invention is to 
provide a semiconductor apparatus with an ad- 
vanced information processing function by incor- 
porating an aggregate of semiconductor micro-nee- 
dles with various signal converting functions into an 
integrated circuit system. 

To attain the above first object, an aggregate of 
semiconductor micro-needles according to the 
present invention comprises, as their basic struc- 
ture, a large number of semiconductor micro-nee- 
dles juxtaposed in a substrate, each of said semi- 
conductor micro-needles having a diameter suffi- 
ciently small to cause the quantum size effects. 

With the basic structure, the band width of a 
semiconductor material composing the semicon- 
ductor micro-needles is expanded due to the so- 
called quantum size effects. As a result, the direct 
transitions of electrons occur even in a semicon- 
ductor material such as silicon in which excited 
electrons make indirect transitions in the proper 
size to cause the quantum size effects . Con- 
sequently, it becomes possible to constitute a light 
emitting element, wavelength converting element, 
light receiving element, or the like in which the 
aggregate of semiconductor micro-needles is dis- 
posed by using the photoluminescence and elec- 
troluminescence resulting from the quantum size 
effects of each semiconductor micro-needle, vari- 
ations in electric characteristics caused by the radi- 
ation of tight, and the like. In this case, unlike a 
conventional quantized region composed of silicon 
with a porous structure or the like, the quantized 
region according to the present invention is con- 
stituted by the aggregate of semiconductor micro- 
needles, so that the diameter of each semiconduc- 
tor micro-needle becomes sufficiently small to 
cause significant quantum size etfects and be- 
comes uniform even if the diameter faces any 
direction in a plane perpendicular to the axial direc- 
tion. 



In the structure of the above aggregate of 
semiconductor micro-needles, it is preferable that 
each of the above semiconductor micro-needles is 
formed substantially perpendicular to the surface of 

s the above substrate and that the above semicon- 
ductor micro-needles are formed discretely. 

In the above aggregate of semiconductor 
micro-needles, a protective layer can be obtained 
by forming an insulating layer on the side portions 

70 of the semiconductor micro-needles. In particular, it 
becomes possible to obtain light from the lateral 
side of the semiconductor micro-needles by com- 
posing the insulating layer of an oxide. 

By composing the insulating layer of two layers 

15 of an inner oxide layer and an outer nitride layer 
over the inner oxide layer, it becomes possible to 
exert a compressive stress on each semiconductor 
micro-needle without preventing the obtention of 
light from the lateral side of the aggregate of semi- 

20 conductor micro-needles, thereby remarkably ex- 
erting the quantum size effects. 

To attain the above second object, a semicon- 
ductor apparatus according to the present invention 
comprises as its basic structure: a silicon substrate; 

25 and a quantized region composed of an aggregate 
of semiconductor micro-needles, each of said 
semiconductor micro-needles extending from the 
surface of the above silicon substrate to a specified 
depth and having a diameter sufficiently small to 

30 cause the quantum size effects. 

With the basic structure, there can be imple- 
mented a semiconductor apparatus with excellent 
performance utilizing the remarkable quantum size 
effects of the aggregate of semiconductor micro- 

35 needles described above. Hereinafter, it will be 
assumed that an electric signal and optical signal 
input to the quantized region are a first electric 
signal and first optical signal, respectively, while 
signals output from the quantized region are a 

40 second electric signal and second optical signal, 
respectively. 

The following elements can be added to the 
basic structure of the above semiconductor appara- 
tus. 

45 It is possible to provide an optical-signal gen- 

erating means for generating a first optical signal 
so that the first optical signal is made incident upon 
the above quantized region and that the above first 
quantized region receives the first optical signal 

so from the above optical-signal generating means 
and generates a second optical signal. With the 
structure, the quantized region functions as an op- 
tical converting element. 

It is possible to form a trench in a part of the 

55 above silicon substrate and to provide the above 
quantized region and optical-signal generating 
means on both sides of the above trench, so that 
they face each other. With the structure, the semi- 
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conductor apparatus constitutes a two-dimensional 
integrated circuit system with an advanced informa- 
tion processing function comparable to a three- 
dimensional integrated circuit system. 

It is possible to provide an upper electrode 
over the above quantized region so that the upper 
electrode is electrically connected to the upper end 
of each of the above semiconductor micro-needles. 
With the structure, it becomes possible to convert 
electric signals into optical signals and vice versa 
via the quantized region. 

It is possible to add optical detecting means for 
receiving the second optical signal generated in the 
above quantized region and generating a third elec- 
tric signal. 

It is possible to provide the above light detect- 
ing means in a portion different from the above 
quantized region of the above silicon substrate and 
to compose the above light detecting means of an 
aggregate of semiconductor micro-needles each 
having a diameter sufficiently small to cause the 
quantum size effects. 

It is possible to constitute the quantized region 
of the above basic structure so that it receives a 
first optical signal and generates a second electric 
signal and it is possible to provide: optical-signal 
generating means for generating the above first 
optical signal so that the first optical signal is made 
incident upon the above quantized region; and an 
electric circuit for processing the second electric 
signal generated in the above quantized region. 

It is possible to provide stress generating 
means for generating a stress in each of the above 
semiconductor micro-needles in the above quan- 
tized region, the above stress being in the axial 
direction of each of the above semiconductor 
micro-needle, and to constitute the above quan- 
tized region so that it receives the above first 
electric signal and generates the second optical 
signal having a wavelength corresponding to the 
stress in each of the above semiconductor micro- 
needles. With the above structure, the semiconduc- 
tor apparatus is provided with a force-to-optical 
signal converting function. In this case, the force- 
to-optical signal converting function is particularly 
enhanced by composing the above stress generat- 
ing means of the above upper electrode and of a 
probe connected to the upper electrode so as to 
transmit a mechanical force from the outside. 

The upper electrode of the above basic struc- 
ture can be made or a transparent material. With 
the structure, it becomes possible to input the first 
electric signal to the quantized region without pre- 
venting the obtention of the second optical signal 
from each semiconductor micro-needle in the 
quantized region in its axial direction. 

It. is possible to provide on the above upper 
electrode a condensing means, such as a concave 



lens, for condensing the second optical signal gen- 
erated in the above quantized region, which func- 
tions as a light-emitting element for generating the 
second optical signal. It is also possible to divide 

s the above quantized region into a plurality of lin- 
early striped quantized regions in which the ag- 
gregate of the above semiconductor micro-needles 
is formed into linear stripes in a plane parallel to 
the surface of the silicon substrate, to provide 

70 linearly striped discrete layers for separating and 
insulating the above linearly striped quantized re- 
gions so that each linearly striped discrete layer is 
interposed between any two adjacent linearly strip- 
ed quantized regions, and to alternately arrange the 

is above linearly striped quantized regions and lin- 
early striped discrete layers so as to constitute a 
one-dimensional Fresnel lens. It is also possible to 
divide the above quantized region into a plurality of 
ring-shaped quantized regions in which the ag- 

20 gregate of the above semiconductor micro-needles 
is formed into rings in a plane parallel to the 
surface of the silicon substrate, to provide ring- 
shaped discrete layers for separating and insulating 
the above ring-shaped quantized regions so that 

25 each ring-shaped discrete layer is interposed be- 
tween any two adjacent ring-shaped quantized re- 
gions, and to alternately arrange the above ring- 
shaped quantized regions and ring-shaped discrete 
layers so as to constitute a two- dimensional Fres- 

30 nel lens. 

It is also possible to arrange a plurality of the 
above quantized regions so as to form a specified 
flat pattern in the above silicon substrate, thereby 
constituting the semiconductor apparatus so that it 
35 functions as an optical display device. 

It is possible to dispose an LSI provided with 
an additional self-checking circuit on the above 
silicon substrate and to provide the above quan- 
tized region in the self-checking circuit of the 

40 above LSI. 

Next, to attain the above first object, a method 
of manufacturing the aggregate of semiconductor 
micro-needles according to the present invention 
comprises the steps of: forming on a silicon sub- 
45 strate a dotted mask for covering a large number of 
dot regions each having a diameter sufficiently 
small to cause the quantum size effects of the 
above semiconductor; and etching the above sili- 
con substrate by using the above dotted mask so 
go as to form a large number of semiconductor micro- 
needles each extending from the surface or the 
above silicon substraie io a specified depth. 

In accordance with the method, there can be 
iormed the aggregate of semiconductor micro-nee- 
55 dies which exerts remarkable quantum size effects. 

In the step of forming the above dotted mask, it 
is possible to deposit a large number of granular 
materials, each having a diameter sufficiently small 
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to cause the quantum size effects of the above 
semiconductor, directly on the above silicon sub- 
strate so that the granular materials constitute the 
dotted mask. In accordance with the method, the 
aggregate of semiconductor micro-needles, which 
is different in structure from the conventional po- 
rous semiconductor, can be formed easily. It is 
also possible, in the step of forming the above 
dotted mask, to form a photoresist film on the 
above silicon substrate and then mechanically re- 
move a part of the above photoresist film by 
means of a probe needle of a cantilever of an 
atomic force microscope so that the dot regions 
remain and that the remaining portions of the 
photoresist film constitute the above dotted mask. 
It is also possible to apply a photoresist onto the 
above silicon substrate and then pattern the above 
photoresist film so that dot-matrix-pattern portions 
resulting from the interference of light remain and 
that the above remaining portions of the photoresist 
film constitute the above dotted mask. 

In the step of forming the above dotted mask, it 
is possible to form an insulating film on the above 
silicon substrate and to further form a pre-dotted 
mask for covering a large number of minute dot 
regions on the above insulating film so that the 
above insulating film is patterned using the pre- 
dotted mask and that the remaining portions of the 
insulating film constitute the above dotted mask. 

As the above granular materials, it is possible 
to use grains of a semiconductor material, metal 
seeds serving as nuclei for the growth of the grains 
of a semiconductor material, a <31 1>-oriented sili- 
con crystal, amorphous silicon, or the like. 

After the formation of the above granular ma- 
terials, it is possible to perform the step of anneal- 
ing the above granular materials at (east once so 
as to reduce the interface after the formation of the 
above granular materials. With the annealing step, 
each of the resulting granular materials presents an 
excellent configuration closer to a sphere. 

Furthermore, in forming the above quantized 
region, it is also possible to perform the step of 
forming an insulating layer so as to surround each 
of the above semiconductor micro-needles. In ac- 
cordance with the method, it is possible to prevent 
an impurity from entering into each semiconductor 
micro-needle as well as discharge the impurity out 
of the semiconductor micro-needle. 

The step of forming the above insulating layer 
is preferably performed by filling up the space 
surrounding each of the above semiconductor 
micro-needles with the insulating layer. The step of 
forming the above insulating film can also be per- 
formed by CVD or by thermally oxidizing the sur- 
faces of the semiconductor micro-needles. 

To attain the above second object, a method of 
manufacturing the semiconductor apparatus ac- 



cording to the present invention comprises the 
steps of: forming on a silicon substrate a dotted 
mask for covering a large number of dot regions 
each having a diameter sufficiently small to cause 

5 the quantum size effects of the above semiconduc- 
tor; etching the above silicon substrate by using 
the above dotted mask so as to form a large 
number of semiconductor micro-needles each ex- 
tending from the surface of the above silicon sub- 

70 strate to a specified depth; removing the above 
dotted mask; and forming an upper electrode elec- 
trically connected to each semiconductor micro- 
needle over the upper ends of the above semicon- 
ductor micro-needles. 

is In accordance with the method, a semiconduc- 

tor apparatus with the advanced information pro- 
cessing function as described above can easily be 
manufactured. 

It is possible to further provide the step of 

20 forming a p-n junction in the above silicon sub- 
strate and form, in the above step of forming an 
aggregate of semiconductor micro-needles, the 
semiconductor micro-needles by performing etch- 
ing to a point at least lower than the above p-n 

25 junction. In accordance with the method, a p-n 
junction is formed in each semiconductor micro- 
needle, thereby enhancing the quantum size ef- 
fects. 

It is also possible to perform the step of for- 
30 ming a discrete insulating layer which surrounds 
the above aggregate of semiconductor micro-nee- 
dles so that the aggregate of semiconductor micro- 
needles is laterally isolated from other regions. In 
this case, it is preferable to further perform the step 
35 of forming at least one lateral electrode to be 
connected to the silicon substrate through the 
above discrete insulating layer. In accordance with 
the method, it becomes possible to input and ob- 
tain an electric signal from the lateral side of the 
40 quantized region. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross sectional view of a semicon- 
45 ductor apparatus according to a first embodi- 
ment; 

FIGS. 2(a) to 2(e) are cross sectional views 
showing the transition of the structure of the 
semiconductor apparatus according to the first 

so embodiment during its manufacturing process; 

FIG. 3 is a view showing variations in the con- 
figuration of a hemispherical grain when the 
deposition temperature and the partial pressure 
of SiHU are varied in the first embodiment; 

55 FIGS. 4(a) to 4(c) are transverse sectional views 
showing the structure of an aggregate of semi- 
conductor micro-needles formed using grains in 
the amorphous region by a manufacturing meth- 
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od of the first embodiment, the structure of an 
aggregate of semiconductor micro-needles 
formed using grains in the <3H>-oriented region 
by the manufacturing method of the first em- 
bodiment, and the structure of conventional po- s 
rous silicon formed by anodization, respectively; 
FIG. 5 is a view showing the characteristics of 
current with respect to voltage applied to a 
quantized region; 

FIG. 6 is a view showing the dependence of w 
light emission intensity on current in the quan- 
tized region; 

FIG. 7 is a view showing the dependence of 
emission wavelength on voltage in the quantized 
region; '5 
FIGS. 8(a) to 8(e) are cross sectional views 
showing the transition of the structure of the 
semiconductor apparatus according to a second 
embodiment during its manufacturing process; 
FIG. 9 is a view showing variations in the con- 20 
figuration of the hemispherical grain when the 
deposition temperature and the partial pressure 
of SiFU are varied irv the second embodiment; 
FIGS. 10(a) to 10(c) are SEM photographs 
showing variations in the configurations of the 25 
hemispherical grains when annealing conditions 
are varied; 

FIG. 11 is a view showing the relationship be- 
tween the annealing period and the grain diam- 
eter and density of the hemispherical grains in a 30 
third embodiment; 

FIGS. 12(a) and 12(b) are cross sectional views 
showing the transition of the grains according to 
a fourth embodiment during their formation pro- 
cess; 35 
FIG. 13 is a view showing a difference in the 
grain distribution and grain diameter between 
the case where a surface treatment was per- 
formed and the case where the surface treat- 
ment was not performed in the fourth embodi- 40 
ment; 

FIG. 14 is a cross sectional view of a semicon- 
ductor apparatus according to a fifth embodi- 
ment; 

FIG. 15 is a cross sectional view of a semicon- 45 
ductor apparatus according to a sixth embodi- 
ment; 

FIG. 16 is a cross sectional view of a semicon- 
ductor apparatus according to a seventh em- 
bodiment; 50 
FIG. 17a,b is a view diagrammatically showing 
the plane structure of a one-dimensional Fresnel 
lens and the plane structure or a two-dimen- 
sional Fresnei lens; 

FIG. 13 is a cross sectional view of a semicon- 55 
ductor apparatus according to an eighth embodi- 
ment; 



FIG. 19 is a view for illustrating the movement of 
electrons in a crystal lattice of silicon to which 
radio-frequency electric power has been ap- 
plied; 

FIG. 20 is a cross sectional view of a semicon- 
ductor apparatus according to a ninth embodi- 
ment; 

FIGS. 21(a) to 21(c) are cross sectional view 
showing the transition of the structure of the 
semiconductor apparatus according to the ninth 
embodiment during its manufacturing process; 
FIG. 22 is a cross sectional view for illustrating 
the principle of a stress sensor utilizing the 
quantized region according to a tenth embodi- 
ment; 

FIGS. 23(a) and 23(b) are views showing the 
cross sectional structure of the stress sensor of 
the tenth embodiment and variations in the 
wavelength of output light from the stress sensor 
with respect to variations in stress, respectively; 
FIG. 24 is a block diagram showing the overall 
structure of the semiconductor apparatus ac- 
cording to the tenth embodiment; 
FIGS. 25(a) to 25(d) are cross sectional views 
and plan views showing the transition of the 
structure of the semiconductor apparatus ac- 
cording to an eleventh embodiment during its 
manufacturing process; 

FIG. 26 is a plan view of a display apparatus 
according to the eleventh embodiment; 
FIG. 27 is a cross sectional view partially show- 
ing a first light emitting unit of the semiconduc- 
tor apparatus according to the eleventh embodi- 
ment; 

FIGS. 28(a) and 28(b) are cross sectional views 
and plan views showing the structure of a 
sound-wave sensor unit in the semiconductor 
apparatus according to the eleventh embodi- 
ment; 

FIG. 29 is a cross sectional view showing the 
structure of the sound-wave output unit in the 
semiconductor apparatus according to the elev- 
enth embodiment; 

FIGS. 30(a) to 30(d) are cross sectional views 
showing the transition of the structure of the 
semiconductor apparatus according to a twelfth 
embodiment during its manufacturing process; 
FIG. 31 is a cross sectional view of the semicon- 
ductor apparatus according to the twelfth em- 
bodiment; 

FIGS. 32(a) to 32(d) are cross sectional views 
showing the transition of the structure of the 
semiconductor apparatus according to a thir- 
teenth embodiment during its manufacturing 
process; 

FIG. 33 is a cross sectional view of the conven- 
tional porous silicon formed by anodization; and 
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FIG. 34 is a cross sectional view partially show- 
ing a conventional three-dimensional integrated 
circuit system. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Below, the embodiments of the present inven- 
tion will be described with reference to the draw- 
ings. 

(First Embodiment) 

A description will be given first to a first em- 
bodiment. FIG. 1 is a cross-sectional view of an 
optical semiconductor apparatus according to the 
first embodiment. As shown in the drawing, the 
semiconductor apparatus comprises: a silicon sub- 
strate 1 of single-crystal structure; a large number 
of semiconductor micro-needles 2 extending from 
the surface of the silicon substrate 1 to a specified 
depth so that the axial direction thereof is per- 
pendicular to the surface of the substrate 1; an 
insulating layer 3 composed of a silicon dioxide 
film which fills up the space surrounding each 
semiconductor micro-needle 2; and a transparent 
electrode 4 formed on the flattened top ends of the 
semiconductor micro-needles 2 and the insulating 
layer 3. An aggregate of the foregoing semiconduc- 
tor micro-needles 2 functions as a quantized region 
Rqa. Those ends of the above semiconductor 
micro-needles 2 which are closer to the substrate 
1, hereinafter referred to as "base ends," are held 
in combination by the substrate 1. Each semicon- 
ductor micro-needle 2 has a diameter of about 2 to 
50 nm. The above insulating layer 3 is formed by 
subjecting the surface region of silicon constituting 
each semiconductor micro-needle 2 to thermal oxi- 
dation. Since the above transparent electrode 4 is 
in contact with the top end of each semiconductor 
micro-needle 2, it is electrically connected to each 
semiconductor micro-needle 2. Therefore, if a 
specified voltage is applied between the transpar- 
ent electrode 4 and the silicon substrate 1 con- 
nected to the base ends of the semiconductor 
micro-needles 2 or if the quantized region Rqa is 
irradiated with light, light emission is caused in 
each of the semiconductor micro-needles 2 by the 
quantum size effects, thereby generating elec- 
troluminescence and photoluminescence. 

Next, a description will be given to a method of 
manufacturing the optical semiconductor apparatus. 
FIGS. 2 (a) to 2(e) are cross-sectional views show- 
ing the transition of the structure of the optical 
semiconductor apparatus during its manufacturing 
process. 

First, as shown in FIG. 2(a), a top insulating 
film 5 composed of a silicon dioxide film, a silicon 



nitride film, or the like is formed on the silicon 
substrate 1 by thermal oxidation, CVD, or a like 
method. Thereafter, hemispherical grains 6 made 
of silicon are deposited thereon by LPCVD. In this 

s case, if a He-based 20% SiH*. gas is used as a raw 
material and a flow rate is set to 300 ccm, the 
hemispherical grains with a radius of several nano- 
meters as shown in the drawing can be obtained. 
In producing the hemispherical grains 6 t it is 

70 also possible to use a SiH4 gas in an atmosphere 
of hydrogen gas. In this case, it becomes particu- 
larly easy to control the deposition of the hemi- 
spherical grains 6. 

Next, as shown in FIG. 2(b), the top insulating 

15 film 5 composed of a silicon dioxide film or a 
silicon nitride film is etched, using a first dotted 
mask Ms1 consisting of the large number of hemi- 
spherical grains 6, so as to form a second dotted 
mask Ms2 composed of the remaining portions of 

20 the top insulating film 5, which has been patterned 
into stripes corresponding to the pattern of the 
large number of hemispherical grains 6. The etch- 
ing of the top insulating film 5 on the silicon sub- 
strate 1 is conducted, e.g., in an atmosphere of 

25 mixed gases of CF4/CHF3 = 30/40 seem under a 
pressure of 1 Pa with an RF power of 400 W. After 
that, each hemispherical grain 6 is etched away. 

Next, as shown in FIG. 2(c), the silicon sub- 
strate 1 is etched to a specified depth, using the 

30 second dotted mask Ms2 patterned in stripes, so 
as to form a large number of semiconductor micro- 
needles 2 perpendicular to the surface of the sili- 
con substrate 1. The etching is conducted in an 
atmosphere of mixed gases of C12/02 = 90/3 

35 seem under a pressure of 1 Pa with an RF power 
of 200 W. The side portions of each semiconductor 
micro-needle 2 are substantially vertical to the sur- 
face of the silicon substrate 1 and stand substan- 
tially upright. As will be described later, if the 

AO hemispherical grains 6 are formed under appro- 
priate conditions, the semiconductor micro-needles 
2 can be formed independently of each other with 
no linkage. 

Then, as shown in FIG. 2(d), the side portions 
45 of the semiconductor micro-needles 2 are covered 
with an insulating layer 3 composed of a silicon 
dioxide film so as to fill up the space surrounding 
each semiconductor micro-needle 2, followed by 
the flattening of the top ends thereof, 
so Furthermore, as shown in FIG. 2(e), the flat- 

tened portion of the insulating layer 3 which covers 
the top ends of the semiconductor micro-needles 2 
is removed so as to form the transparent electrode 
4 thereon. 

65 In the above first embodiment, the top insulat- 

ing film 5 and the first dotted mask Ms1 are 
successively formed on the silicon substrate 1 and 
then the second dotted mask Ms2 is formed from 
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the top insulating film 5, so that the silicon sub- 
strate 1 is etched using the second dotted mask 
Ms2. However, it is also possible to form the semi- 
conductor micro-needles 2 by forming the first dot- 
ted mask Msl directly on the silicon substrate 1 
and then etching the silicon substrate 1, using the 
first dotted mask Msl . 

Next a description will be given to the opera- 
tion of the optical semiconductor apparatus thus 
constituted. Here, the region in which the semicon- 
ductor micro-needles 2 are formed from the sur- 
face to a specified depth of the p-type silicon 
substrate 1 serves as the quantized region Rqa. 
When a voltage of 20 V is applied in the forward 
direction to the transparent electrode 4 electrically 
connected to the semiconductor micro-needles 2, 
while setting the silicon substrate 1 to the ground 
potential, visible electroluminescence is observed 
at room temperature. In the case of using silicon, 
since the electrons excited by the application of a 
voltage or the like generally undergo indirect transi- 
tions, most of the energy resulting from the transi- 
tion is converted into heat, so that light emission in 
the visibl^ region has been considered difficult 
However, since the quantized region Rqa com- 
posed of silicon is constituted by the aggregate of 
semiconductor micro-needles 2 each having a ra- 
dius of several nm in the above first embodiment, 
the band width of silicon is expanded from 1.2 eV 
to 2.5 eV due to the quantum size effects, while the 
excited electrons undergo direct transitions, there- 
by causing the emission of visible light due to the 
direct transitions between the bands. Moreover, 
compared with the conventional porous silicon 
formed by anodization, the aggregate of silicon 
micro-needles 2 as used in the above first embodi- 
ment provides a high light emission intensity and a 
sharp emission spectrum. 

Below, the reason for the advantages of the 
quantized region in the present embodiment over 
the conventional one will be deduced from a dif- 
ference in structure therebetween. FIG. 4(a) shows 
the transverse sectional structure of the grains 
used in the above manufacturing process in the 
case where they are made of amorphous silicon. 
FIG. 4(b) shows the transverse sectional structure 
of the grains used in the above manufacturing 
process in the case where they are made of (31 1>- 
oriented single- crystal silicon. Different conditions 
under which these structures are formed wiil be 
described later. FIG. 4(c) shows the transverse 
sectional structure of the conventional porous sili- 
con formed by anodization. As shown in FIG. 4<c), 
since the conventional porous silicon is tormed by 
anodization which renders silicon porous by primar- 
ily using micro-pores in the dioxide film resulting 
from the anode oxidation of silicon, a silicon wait is 
formed in the porous silicon. The thickness of the 



silicon wall, i.e., the distance d between two adja- 
cent micro-pores on both sides of the silicon wall 
varies greatly from one portion to another (see 
distances d1 and d2 in the drawing). It may be 

s considered that, if the distance d between two 
adjacent micro-pores on both sides is excessively 
large (as with d2 in the drawing), the quantum size 
effects cannot be caused. By contrast, since the 
semiconductor micro-needles 2 in the present in- 

70 vention form substantially discrete stripes in trans- 
verse section, as shown in FIGS. 4(a) and 4(b), it 
can be considered that they have sufficiently small 
dimensions to cause the quantum size effects, 
though their diameters may differ slightly depend- 

T5 ing on their directions. Consequently, a higher light 
emission intensity and a sharper emission spec- 
trum can be obtained. 

FIG. 5 shows the characteristics of the current 
(injected current) flowing through the aggregate of 

20 semiconductor micro-needles 2 with respect to the 
voltage applied to the transparent electrode 4. FIG. 

6 shows the light emission intensity of elec- 
troluminescence with respect to the injected cur- 
rent in the aggregate of semiconductor micro-nee- 

25 dies 2. It will be appreciated from FIGS. 5 and 6 
that the light emission intensity increases with an 
increase in the voltage applied to the transparent 
electrode 4. FIG. 7 shows the characteristics of the 
light emission intensity with respect to the voltage 

30 for carrier injection. It will be appreciated from FIG. 

7 that color display elements corresponding to light 
emission in individual colors such as red, blue, and 
yellow can be formed by varying the voltage for 
carrier injection. 

35 As shown in FIGS. 2(a) to 2(e), the first em- 

bodiment has adopted, in forming the quantized 
region Rqa composed of the aggregate of semi- 
conductor micro-needles 2 of single-crystal silicon 
each having a radius of several nanometers, the 
40 same processing method as used in the process of 
manufacturing a normal semiconductor apparatus 
such as a MOSFET. That is, the space surrounding 
each semiconductor micro-needle 2 is filled with 
the oxide film 3, so that the top ends thereof are 
45 flattened and that the transparent electrode 4 is 
electrically connected to the quantized region. 
Therefore, the process used in the first embodi- 
ment is interchangeable with the conventional pro- 
cess of producing a silicon water for manufacturing 
r>o a normal semiconductor apparatus, so that a con- 
ventional semiconductor apparatus such as a nor- 
mal MOSFET can be produced after producing the 
optical semiconductor apparatus according to the 
present invention. 
55 Next, a detailed Description will be given to the 

conditions in each step of the manufacturing pro- 
cess for the above optical semiconductor appara- 
tus. 
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The method of forming the grains in the step 
shown in FIG. 2(a) has been reported since 1990 to 
increase the capacity of a DRAM. For example, 
such a method is disclosed in: Ext. Abs. 22nd 
SSDM (1990) pp.869-872 by Y. Hayashide et al.; J. 
Appl. Phys. 71(1991) pp.3538-3543 by H. 
Watanabe et al.; and Tech. Dig. of VLSI Symp 
(1991) pp.6-7 by H. Itoh et al. By adopting these 
methods, the grains can be formed easily. 

FIG. 3 shows variations in the configuration of 
the grain when the deposition temperature and the 
partial pressure of SihU are varied at a constant 
gas flow rate of 300 ccm. The graph inserted in the 
drawing is a map showing conditions under which 
silicon crystal phases are formed, which consists 
of: an amorphous region in which amorphous sili- 
con is formed as grains; a <311>-oriented region in 
which single-crystai silicon having the <311> ori- 
entation perpendicular to the substrate surface is 
formed as grains; and a <110)-oriented region in 
which single-crystal silicon having the <110) ori- 
entation perpendicular to the substrate surface is 
formed as grains. .. 

In terms of the structure of the resulting grains, 
the following three regions are important: 

1. A HSG-aSi region in which hemispherical 
grains (HSG) and amorphous silicon (aSi) are 
mixed; 

2. A HSG region in which hemispherical grains 
are formed all over; and 

3. A CTG region where several grains combine 
to form a cylindrical trained grain (CTG) in the 
form of a crest when viewed from the surface. 

The observation of the three regions has led to 
the following findings: 

(1) The HSG region exists in the (311)-oriented 
region where grains were formed at a tempera- 
ture within a range of 570 * C to 580 • C under a 
SiH* partial pressure (formation pressure) within 
a range of 0.5 Torr to 2.0 Torr; 

(2) The HSG-aSi region exists in the vicinity of 
the boundary between the amorphous region 
and the <311>-oriented region; 

(3) The CTG region exists mainly in the vicinity 
of the boundary between the <31 1>-oriented re- 
gion and the <1 10>-oriented region; 

(4) The HSG region exists in that area of the 
above (31 1>-oriented region which is interposed 
between the above two regions (the HSG-aSi 
region and the CTG region); 

(5) As the grains become closer to amorphous 
silicon in terms of structure, the grains increase 
in size accordingly. As the grains become closet- 
to the (110> orientation in terms of structure, on 
the other hand, the grains decrease in size 
accordingly; 

(6) The amorphous region expands increasingly 
as the partial pressure of SiH* (formation pres- 



sure) increases; 

(7) Different grain sizes result from different 
densities of nuclei for the growth of the grains 
(metal such as Ni or W) on the film surface; and 
s (8) Consequently, if grains are deposited at a 
deposition temperature of 560 °C to 590 *C 
with a S1H4 partial pressure of 0.1 to 0.4 Torr, 
grains in the form of hemispheres and grains in 
the form of crests are obtained at a surface 
10 density of 0.4 to 0.7. 

In the above embodiment, the side portions of 
the semiconductor micro-needles 2 made of single- 
crystal silicon are subjected to thermal oxidation so 
as to fill up the space surrounding each semicon- 
75 ductor micro-needle 2 with the insulating layer 3 
composed of a silicon dioxide film. However, the 
present invention is not limited to the above em- 
bodiment. Even when the insulating layer is not 
provided, light emission due to the quantum size 
20 effects is generated. However, if the side portions 
of each semiconductor micro-needle 2 is covered 
with the insulating layer 3 formed by thermal oxida- 
tion, the following advantages can be obtained. 
That is, not only impurities and foreign substances, 
25 which have been generated from the etching of the 
silicon substrate 1 in the formation of the semicon- 
ductor micro-needles 2 and attached to the side 
portions thereof, can be locked in the insulating 
layer 3, but also these impurities and foreign sub- 
30 stances can be prevented ever after from entering 
into the quantized region Rqa composed of the 
aggregate of semiconductor micro-needles 2 of 
single-crystal silicon. Since the quantized region 
Rqa is protected from the intrusion of these impuri- 
35 ties and foreign substances, influences of the 
atoms and molecules attached to the side portions 
of the semiconductor micro-needles 2 can be elimi- 
nated, so that a uniform wavelength can be con- 
stantly reproduced as required, thereby providing a 
40 semiconductor apparatus, such as a silicon light- 
receiving/light-emitting element, with a long 
lifespan. 

The insulating layer 3 made of silicon dioxide 
or silicon nitride does not necessarily fill up the 

45 space surrounding each semiconductor micro-nee- 
dle 2, either, as in the first embodiment. Even when 
the insulating layer 3 is formed only in the vicinity 
of the surfaces of semiconductor micro-needles 2, 
the functions of locking impurities and preventing 

50 their intrusion can be implemented. However, if the 
space surrounding each semiconductor micro-nee- 
dle 2 is filled with the insulating layer 3 as in the 
first embodiment, a short circuit between the semi- 
conductor micro-needles 2 can surely be prevented 

55 as well as the top ends of the semiconductor 
micro-needles 2 can be flattened without impairing 
the configuration thereof. Consequently, an elec- 
trical connection can surely be provided between 
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the semiconductor micro-needles 2 and the trans- 
parent electrode 4. 

(Second Embodiment) 

Next a description will be given to a second 
embodiment. FIGS. 8(a) to 8(e) illustrate the pro- 
cess of manufacturing the optical semiconductor 
apparatus according to the second embodiment 
The manufacturing process used in the second 
embodiment is substantially the same as the manu- 
facturing process used in the above first embodi- 
ment except that the conditions T**^ 
hemispherical grains 6 are deposited by LPCVD 
are changed and that the space surrounding each 
semiconductor micro-needle 2 is filled up with a 
silicon dioxide film 3b formed by CVD or the like 
after the side portions of the semiconductor micro- 
needles 2 were covered with a thermal oxidation 
film 3a, followed by the flattening of their surface 
regions. In other words, these two types of ox.de 
films 3a and 3b constitute an insulating layer 3. 

in the step of depositing the hemispherical 
grains 6, a He-based 15% SiH, gas is used as a 
raw material so as to deposit the hemispherical 
grains 6 under the conditions of gas flow rate of 
100 ccm, deposition temperature of 500 • C to 700 
•C and SiH* partial pressure of 0.1 to 0.4 Torr. If 
the gas flow rate and the deposition rate are set 
lower the deposition can be accomplished at a 
lower' deposition temperature. FIG. 9 shows vari- 
ations in the configuration of the hemispherical 
grain 6 when the deposition temperature and the 
SiH* partial pressure are varied at a constant gas 
flow rate of 100 ccm. The map showing the con- 
ditions of FIG. 3 can be divided into the three 
regions of: (1) HSG-aSi region; (2) HSG region; and 
(3) CTG region depending on the configuration of 
the resulting grain, similarly to the first embod.- 

ment. . 
The observation of the three regions has led to 

the following findings: 

(1) The HSG region can be obtained at a tem- 
perature of 500 -C to 650 -C under a S.H. 
partial pressure of 0.1 Torr to 0.4 Torr. 
In addition to this, the same tendencies as 
described in (2) to (7) of the above first embodi- 
ment can be recognized. 

(8) From the foregoing, it can be concluded 
that the proper hemispherical grains 6 can De ob- 
tained in a wider range of deposition temperature 
than in the above first embodiment. 

Hence, in the present second embodiment, the 
range of the appropriate deposition temperature 
can be expanded by changing the ratio ot SiH* to 
the He base in the raw material gas and by chang- 
ing the gas flow rate. The space surrounding each 
semiconductor micro-needle 2 can more satisfac- 



torily be filled with the oxide film 3b or nitride film 
formed by CVD than only with the thermal ox.da- 
tion film as in the first embodiment. 

Although the thermal oxidation film 3a is 
5 formed prior to the formation of the silicon diox.de 
film 3b in the above second embodiment the 
present invention is not limited to the above em- 
bodiment It is also possible to form the whole 
insulating film 3b by CVD for the convenience of 

io the process. 

In this case, if the whole insulating layer 3 is 
composed only of silicon dioxide, light emission in 
a lateral direction can be obtained, since the refrac- 
tive index of silicon dioxide is small. If the whole 
« insulating layer 3 is composed only of s.hcon 
nitride, on the other hand, a difference in coefficient 
of thermal expansion between silicon n.tnde and 
silicon imparts a compressive strain to the semi- 
conductor micro-needles 2, so that the quantum 
20 size effects can be exerted more remarkably The 
same effects can be achieved by forming a silicon 
nitride film in place of the silicon dioxide film 3b 
formed by CVD in the present embodiment 



25 (Third Embodiment) 

Next a description will be given to a third 
embodiment for improving the configuration of the 
hemispherical grain 6. After the hemispherical 
30 grains 6 are formed by substantially the same 
manufacturing process as that of the above first 
embodiment the SiH* gas in a tube is evacuated, 
followed by annealing while introducing N* gas. 
which, is an inactive gas, into the tube. FIG. 11 
3 5 shows the relationship between the annealing pe- 
riod and the grain diameter and density- » wHI be 
appreciated that the grain diameter decreases with 
an increase in annealing period. Since the surface 
and interface tend to shrink with a decrease in 
40 grain diameter, the configuration of the grain be- 
comes closer to a hemisphere, resulting in a high 
increase rate of the surface area of the gram. If the 
annealing period becomes 2 minutes or longer, the 
region with no hemispherical grain expands. The 
as increasing difficulty with which the hem'sphencal 
grains 6 are formed can be attributed to the in- 
creasing degree of surface oxidization due to an- 
nealing, which interferes with the growth of grains 
on the surface. Furthermore, two-step annealing 
50 can be performed under two sets of conditions with 
different partial pressures of oxygen, thereby maK- 
ing the grain diameter of the hemispherical grains 
6 more uniform. 

FIGS I0(a> to 10(c) are SEM photographs or 
55 hemispherical grains taken when common Wnvtor- 
minq conditions (a temperature of 575 0, a pres- 
sure of 1.0 Torr, and a 20% SiH* gas flow rate of 
300 seem) and the same annealing temperature 



10 



19 



EP 0 652 600 A1 



20 



(575 °C) are adopted, while the other annealing 
conditions are varied. FIG. 10(a) shows hemispheri- 
cal grains obtained when annealing was conducted 
in an atmosphere of N 2 under a pressure of 1.0 
Torr for 30 minutes immediately after the film for- 
mation. FIG. 10(b) shows hemispherical grains ob- 
tained when annealing was conducted in vacuum 
(about 0.01 Torr) for 2 minutes after the film forma- 
tion and then continued under a pressure of 0.14 
Torr for 10 minutes. FIG. 10(c) shows hemispheri- 
cal grains obtained when annealing was conducted 
in vacuum (about 0.01 Torr) for 5 minutes after the 
film formation and then continued in an atmosphere 
of N2 under a pressure of 1 .0 Torr for 30 minutes. 

After the formation of the hemispherical grains 
6, semiconductor micro-needles 2, the insulating 
layer 3, the transparent electrode 4 and the like are 
formed in substantially the same process as used 
in the above first embodiment. 

Since the present third embodiment has re- 
duced the diameter of the hemispherical grain 6 by 
annealing and has improved the configuration 
thereof so that it becomes closer to a hemisphere, 
semiconductor micro-needles 2 with a substantially 
uniform radius can be formed in a plane in the 
vicinity of the surface of the silicon substrate 1. 
Moreover, since the radius of semiconductor micro- 
needles 2 constituting the quantized region be- 
comes uniform, the emission spectrum becomes 
sharper, while the light emission intensity in- 
creases. 

(Fourth Embodiment) 

Next, a description will be given to a fourth 
embodiment. FIGS. 12(a) and 12(b) are cross sec- 
tional views for illustrating the procedure of forming 
the hemispherical grains in the fourth embodiment. 

First, as shown in FIG. 12(a), crystal growth 
nuclei 8 serving as nuclei for the crystal growth of 
grains are formed on the top insulating film 5 on 
the silicon substrate 1 . The crystal growth nuclei 8 
are made of metal such as stannum or rhodium. To 
form the nuclei, the silicon substrate 1 with the top 
insulating film 5 deposited thereon is immersed in 
a surface treatment solution at ordinary tempera- 
ture for 1 minute, followed by washing and drying. 
As the surface treatment solution, a solution for use 
in plating is used. 

Next, as shown in FIG. '2(b), using these cry- 
stal growth nuclei 3. the hemispherical grains 6 of 
silicon are grown on the too insulating film 5 by 
LPCVD. As a raw material, a He-based 15% SiHa. 
gas is used at a gas flow rate of 100 ccm. The 
deposition is conducted at a deposition tempera- 
ture of 500 to 700 a C under a SiH 4 partial pressure 
of 0.1 to 0.4 Torr. Under these conditions, the 
silicon grains 6 are selectively deposited over the 



crystal growth nuclei 8 so as to form the first 
dotted mask Ms1 consisting of a large number of 
silicon granular materials 6. 

Then, in accordance with the same process as 

5 that of the first embodiment (see FIGS. 2(c) to 2(e)- 
), the hemispherical grains, insulating layer, trans- 
parent electrode and the like are formed. 

FIG. 13 is a view showing for comparison the 
distribution and diameter of the grains when the 

70 surface treatment, as shown in FIG. 12(a), was 
performed and the distribution and diameter of the 
grains when the surface treatment was not per- 
formed. Without the surface treatment, the mean 
value of the grain diameter is 110 □ and the maxi- 

15 mum grain diameter is more than 200 With the 
surface treatment, on the other hand, the mean 
value of the grain diameter is 60 □ and the maxi- 
mum grain diameter is 120 □ or less. Thus, with 
the surface treatment for forming the crystal growth 

20 nuclei 8 prior to the formation of the grains, the 
distribution and size of the hemispherical grains 6 
become uniform, resulting in a uniform distribution 
of the grains in a plane. Since the radius and 
distribution of the semiconductor micro-needles 2 

25 constituting the quantized region become uniform 
accordingly, the emission spectrum becomes much 
sharper, while the light emission intensity increases 
uniformly in the plane. 

In the silicon light receiving element thus con- 

30 stituted, a negative voltage is applied to the p-type 
silicon substrate 1 so as to set the top end of each 
semiconductor micro-needle at the ground poten- 
tial, followed by the irradiation of the aggregate of 
semiconductor micro-needles (quantized region) 

35 with light from a high-pressure mercury lamp as a 
tight source. As a result of the irradiation with light, 
the resistance value of the quantized region con- 
taining the semiconductor micro-needles is 
changed, so that the apparatus can be used as a 

40 light receiving element. 

(Fifth Embodiment) 

Next, a description will be given to a fifth 
45 embodiment. FIG. 14 is a cross sectional view of 
the optical semiconductor apparatus according to 
the fifth embodiment. The basic structure of the 
optical semiconductor apparatus shown in FIG. 14 
is substantially the same as that of the first em- 
50 bodiment shown in FIG. 1, except that the quan- 
tized region Rqa on the silicon substrate 1 is lat- 
erally isolated from other regions by a discrete 
insulating layer 9. The depth of the discrete insulat- 
ing layer 9 is larger than the depth h of the 
55 semiconductor micro-needle 2. In addition, apart 
from the transparent electrode 4 over the semicon- 
ductor micro-needles 2. a lateral electrode 10 is 
formed so as to penetrate the discrete insulating 
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layer 9. The lateral electrode 10 is connected to 
the silicon substrate 1 functioning as a lower elec- 
trode with respect to the transparent electrode 4 
functioning as an upper electrode of the semicon- 
ductor micro-needles 2. 

A description will be given to the operation of 
the optical semiconductor apparatus thus consti- 
tuted. If a voltage (e.g., about 50 Volt) is applied 
between the transparent electrode 4 and the lateral 
electrode 10, a potential difference is generated 
between the top end and base end of each semi- 
conductor micro-needle 2 in the quantized region 
Rqa, so that visible electroluminescence is caused 
at room temperature by the same quantum size 
effects as those obtained in the first embodiment. 
In the present fifth embodiment, the voltage for 
carrier injection is varied from 25 to 200 Volt so 
that visible electroluminescence corresponding to 
individual light emission in red, blue, and yellow is 
observed. With the provision of the lateral electrode 
10 as in the present Fifth embodiment, it becomes 
particularly easy to transmit signals between the 
quantized region Rqa of the optical semiconductor 
apparatus and the outside. 

(Sixth Embodiment) 

Next, a description will be given to a sixth 
embodiment. FIG. 15 is a cross sectional view of 
the optical semiconductor apparatus according to 
the sixth embodiment. The basic structure of the 
optical semiconductor apparatus shown in FIG. 15 
is substantially the same as that of the above fifth 
embodiment shown in FIG. 14, except that the sixth 
embodiment uses the n-type silicon substrate 1 in 
which a p-well 1 1 is partially formed and that the 
region extending from above the p-well 11 to the 
surface of the silicon substrate 1 is doped with an 
n-type impurity. Each semiconductor micro-needle 
2 in the quantized region Rqa is formed by etching 
the silicon substrate 1 from the surface thereof to a 
depth reaching the inside of the p-well 1 1 . In other 
words, the height h of the semiconductor micro- 
needle 2 is larger than the depth of the p-n junction 
between the p-well 1 1 and its overlying portion of 
the silicon substrate 1. Consequently, the lower 
portion of the semiconductor micro-needle 2 closer 
to its base end is composed of p-type silicon, while 
the upper portion of the semiconductor micro-nee- 
dle 2 is composed of n-type silicon, thereby for- 
ming a p-n junction 2a at a midpoint in the semi- 
conductor micro-needle 2. Since another p-n junc- 
tion is also formed between the p-well 1 1 and the 
main body of the silicon substrate 1 , the quantized 
region Rqa is isolated from the n-type silicon sub- 
strate 1. The lateral electrode 10 is constituted so 
as to be connected to the p-well 11. 



When a voltage of 50 Volt is applied in the 
forward direction between the transparent electrode 
4 and the lateral electrode 10, the generation of 
visible electroluminescence at room temperature is 

s also recognized in the present sixth embodiment. 
By varying the voltage for carrier injection from 25 
to 200 Volt, the generation of visible elec- 
troluminescence corresponding to individual light 
emission in red, blue, and yellow is also recog- 

70 nized. 

Thus, the above sixth embodiment provides the 
following effects in addition to the same effects as 
obtained in the above fifth embodiment. That is. 
since the quantized region Rqa composed of the 

is aggregate of semiconductor micro-needles 2 is iso- 
lated from other regions by the lateral discrete 
insulating layer 9 as well as from the n-type silicon 
substrate 1 by the p-well 11, even in the case 
where a large number of quantized regions are 

20 formed on the silicon substrate, light emission can 
be generated individually in each of the quantized 
regions. Moreover, since the p-n junction is formed 
in each semiconductor micro-needle 2, carriers can 
be efficiently injected into each semiconductor 

25 micro-needle 2, thereby providing an optical semi- 
conductor apparatus with excellent emission effi- 
ciency. 



(Seventh Embodiment) 



30 



Next, a description will be given to a seventh 
embodiment. FIG. 16 is a cross sectional view of 
the optical semiconductor apparatus according to 
the seventh embodiment. The basic structure of 
35 the optical semiconductor apparatus of the present 
seventh embodiment is substantially the same as 
that of the above fifth embodiment shown in FIG. 
14. Accordingly, the quantized region Rqa com- 
posed of the aggregate of semiconductor micro- 
40 needles 2 is formed on the p-type silicon substrate 
1 and there are further formed the transparent 
electrode 4 over the quantized region Rqa, the 
discrete insulating layer 9 surrounding the quan- 
tized region Rqa, and the lateral electrode 10 con- 
45 nected to the silicon substrate 1 through the dis- 
crete insulating layer 9. In the present embodiment, 
however, the quantized region Rqa composed of 
the aggregate of semiconductor micro-needles 2 is 
not constituted by a single-layer structure, but by a 
50 structure in which lineariy-striped quantized regions 
12a, each containing both semiconductor micro- 
needles 2 and the insulating iayer 3 for rilling up 
the space surrounding each semiconductor micro- 
needle 2, and Imeariv-striped discrete layers 13a, 
55 each composed of a silicon dioxide film, are al- 
ternately arranged. FIG. 17(a) is a schematic plan 
view of the linearly striped structures, in which the 
linearly-striped quantized regions 12a (dotted por- 
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tions in the drawing) and the linearly-striped dis- 
crete layers 13a (hollow portions in the drawing) 
are alternately arranged at such intervals as to 
constitute a one-dimensional Fresnel lens. 

FIG. 17(b) is a plan view showing another ex- 
ample of the linearly striped structures, in which 
ring-shaped quantized regions 12b and ring-shaped 
discrete layers 13b are alternately arranged so as 
to constitute a two-dimensional Fresnel lens. 

If a voltage is applied in the forward direction 
between the transparent electrode 4 and lateral 
electrode 10, the generation of visible elec- 
troluminescence at room temperature is also rec- 
ognized in the present embodiment 

In the optical semiconductor apparatus thus 
constituted, since the regions 12a or 12b and the 
discrete layers 13a or 13b are alternately arranged, 
the whole quantized region Rqa functions as a 
Fresnel lens. Consequently, an additional light con- 
densing apparatus is not necessary. That is, if light 
emission is generated in the quantized region Rqa 
constituting the one-dimensional Fresnel lens 
shown in FIG. 17(a).jor the two-dimensional Fresnel 
lens shown in FIG. 17(b), light advancing in a 
direction perpendicular to the surface of the silicon 
substrate 1 is condensed onto a line or point, 
thereby condensing light into an intended region. 
Therefore, if an additional light receiving element is 
placed in the vicinity of the focus, the light emitted 
from the optical semiconductor apparatus is effi- 
ciently condensed into the light receiving element, 
so that it becomes possible to transmit electric 
power converted into signals or light to a distant 
location via the light receiving element. In the case 
of using the quantized region as a wavelength 
converting element or light receiving element, it 
becomes possible to irradiate the entire quantized 
region Rqa with light from a linear optical source or 
dotted optical source. 

(Eighth Embodiment) 

Next, a description will be given to an eight 
embodiment. FIG. 18 shows the cross sectional 
structure of the optical semiconductor apparatus 
according to the eighth embodiment, which is ba- 
sically the same as the structure of the optical 
semiconductor apparatus according to the above 
seventh embodiment shown in FIG. 15. That is, 
there are disposed: the quantized region Rqa com- 
posed of the aggregate of silicon semiconductor 
micro-needles 2 each having the p-n junction 2a 
and of the insulating layer 3; the transparent elec- 
trode 4 over the quantized region Rqa; the p-well 
1 1 holding the base end of each semiconductor 
micro-needles 2 in the quantized region Rqa and 
being electrically insulated from the n-type silicon 
substrate l; the discrete insulating layer 9 sur- 



rounding the quantized region Rqa; and the lateral 
electrode 10 connected to the p-well 11 through 
the dielectric insulating layer 9. 

In the process of forming the above quantized 

5 region Rqa of the present embodiment, the p-well 
1 1 is formed in the silicon substrate 1 and then the 
overlying region is turned into an n region, followed 
by the etching of the silicon substrate 1 till the p- 
well 1 1 is reached, using the first or second dotted 

70 mask as used in the above first embodiment. In 
accordance with the formation process, the p-n 
junction 2a is formed in each semiconductor micro- 
needle 2. 

In the present eighth embodiment, two lateral 

is electrodes 10 are disposed on both sides of the 
quantized region Rqa and a radio-frequency power 
source 14 for applying a radio-frequency voltage to 
a circuit 17 connecting these two lateral electrodes 
10. To the circuit 18 connecting the circuit 17 and 

20 the transparent electrode 4 are connected in series 
a switch 15 for opening and closing the circuit 18 
and a DC power source 16. 

A description will be given to the operation of 
the silicon light emitting element thus constructed. 

25 As shown in FIG. 19, when a radio-frequency 

electric power is applied to the silicon crystal, 
electrons in a crystal lattice of silicon (indicated by 
solid circles) are excited by an electric field varying 
with high frequencies so as to move periodically to 

30 a certain extent. In the present embodiment, since 
the radio-frequency power source 14 is connected 
to the two lateral electrodes 10 formed in the 
dielectric insulating layer 9 in the vicinity of the 
semiconductor micro-needles 2, the electrons ex- 

35 cited by the radio-frequency electric power are 
accumulated in the p-type silicon substrate 1. The 
accumulated electrons are introduced into each 
semiconductor micro-needle 2 in the quantized re- 
gion Rqa by the voltage applied in the forward 

40 direction via the transparent electrode 4, so that a 
large amount of electrons are injected through the 
p-n junction 2a in each semiconductor micro-nee- 
dle 2. The injection increases the light emission 
intensity in the quantized region Rqa. To the trans- 

45 parent electrode 4 is applied a voltage of 100 Volt. 
In this case also, visible electroluminescence is 
observed at room temperature. 

As described above, in the present eighth em- 
bodiment, the electrons excited by the application 

so of radio-frequency electric power to the p-type 
silicon substrate 1 are introduced into each semi- 
conductor micro-needle 2 in the quantized region 
Rqa, so that a large amount of electrons are in- 
jected through the p-n junction 2a. As a result, 

55 intense light emission is caused efficiently in the 
quantized region Rqa even by a weak signal sup- 
plied to the transparent electrode 4. 
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Although the two lateral electrodes 10 are 
formed on both sides of the quantized region Rqa 
in the above eighth embodiment, three or more 
lateral electrodes 10 surrounding the quantized re- 
gion Rqa may be formed so as to generate a 
rotating magnetic field in the quantized region Rqa 
by applying to the lateral electrodes radio-frequen- 
cy electric power having the same frequency with 
its phase varying in increasing or decreasing order. 
In this case, higher emission efficiency can be 
obtained. 

(Ninth Embodiment) 

Next a description will be given to a ninth 
embodiment. FIG. 20 partially shows the cross 
sectional structure of an optical semiconductor ap- 
paratus according to the ninth embodiment. In the 
present embodiment, the quantized region Rqa 
composed of the aggregate of semiconductor 
micro-needles 2 and a photodiode consisting of a 
p-type region 20a and an n-type region 20b are 
formed on the silicon substrate 1. Over the 
photodiode 20 and quantized region Rqa is pro- 
vided the transparent electrode 4 to be used in 
common. In addition, a driving circuit 21 is pro- 
vided for applying a specified voltage between the 
above transparent electrode 4 and the silicon sub- 
strate 1. That is, if an optical signal SgoO is input to 
the photodiode 20 with a constant bias being ap- 
plied to the photodiode 20 via the driving circuit 21 , 
an electromotive force is generated in the 
photodiode 20 so that an electromotive force gen- 
erated in the photodiode 20 is converted by the 
driving circuit 21 to a voltage of, e.g., 15 V, which 
is then applied to each semiconductor micro-nee- 
dle 2 in the quantized region Rqa. As a result, each 
semiconductor micro-needle 2 emits light which is 
output as a second optical signal Sgo2. In this 
case, the emission wavelength can be changed by 
changing the manufacturing specification of each 
semiconductor micro-needle 2. 

Next, the process of manufacturing the optical 
semiconductor apparatus with a structure obtained 
by slightly modifying the structure shown in FIG. 
20 will be described with reference to FIGS. 21(a) 
to 21(c). First, as shown in FIG. 21(a), the quan- 
tized region Rqa composed of the aggregate of 
semiconductor micro-needles 2 is formed in a giv- 
en portion of the silicon substrate 1 made of sili- 
con. Next, as shown in FIG. 21(b), an n region 24a 
is formed deep by injecting As + ions into the 
silicon substrate 1 by using the photo resist mask 
with an opening formed in a region different from 
the above quantized region Rqa, followed by the 
shallow formation of an n region 24b by injecting 
B + ions into the silicon substrate 1. In this step, the 
intermediate region in which either As* ions or B* 



ions are hardly injected becomes an intrinsic re- 
gion 24c, thereby forming the photodiode 24 of so- 
called PIN structure which consists of the p region 
24a, n region 24b, and intrinsic region 24c. The 

s photodiode 24 may also be formed by preliminarily 
trenching deep that portion of the silicon substrate 
in which the photodiode 24 is to be formed and 
then epitaxially growing the regions 24a, 24c. and 
24b in this order. Subsequently, as shown in FIG. 

70 21(c), a conductive wire 25 which transmits light 
(made of, e.g., Au) is formed on the silicon sub- 
strate 1 and then the driving circuit 21 is further 
formed. 

The optical semiconductor apparatus shown in 
f5 FIG. 21(c) can be constituted so that the 
photodiode 24 receives the optical signal SgoO at a 
certain wavelength, while the second optical signal 
Sgo2 is output from each semiconductor micro- 
needle 2 in the quantized region Rqa. The 
20 wavelength of the second optical signal Sgo2 can 
be changed by changing the structure or manufac- 
turing process. Since such an optical semiconduc- 
tor apparatus can be manufactured by a process 
for a silicon device, it can be accommodated in a 
25 microchip, which makes it applicable to optical 
communication and the like. 

It is also possible to produce a device with the 
function of modulating, with light, information being 
transmitted over a signal path by adding a circuit 
30 for converting the second optical signal Sgo2 to an 
electric signal to the structure of the optical semi- 
conductor apparatus according to the above em- 
bodiment 

35 (Tenth Embodiment) 

Next, a description will be given to a tenth 
embodiment, in which a stress sensor is consti- 
tuted using an aggregate of semiconductor micro- 
40 needles. FIG. 22 shows the structure and principle 
of operation of the stress sensor in the tenth em- 
bodiment. That is, in the present embodiment, the 
quantized region Rqa composed of the aggregate 
of semiconductor micro-needles 2 and the trans- 
45 parent electrode 4 are formed on the silicon sub- 
strate 1, as shown in the drawing. In the optical 
semiconductor apparatus is also disposed the driv- 
ing circuit 28 for applying a voltage to the quan- 
tized region Rqa via the transparent electrode 4. 
50 in FIG. 22 are shown three variations in the 

configuration of each semiconductor micro-needle 
2 in response to a change in the stress exerted 
thereon. One variation shows the semiconductor 
micro-needle 2 with no stress exerted thereon. 
55 Another variation shows the semiconductor micro- 
needle 2 with a compressive force exerted thereon. 
The other variation shows the semiconductor 
micro-needle 2 with a tensile stress exerted there- 
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on. As described above, when a voltage is applied 
to both ends of each semiconductor micro-needle 
2 f a bandgap widening occurs in the semiconduc- 
tor micro-needle 2 due to the quantum size effect, 
so that electroluminescence in the visible region is 
observed. It is well known that the amount of the 
bandgap widening AE is inversely proportional to 
the diameter of each semiconductor micro-needle 
2. Therefore, if the diameter d of each semiconduc- 
tor micro-needle 2 on the order of 10 nm is 
changed by a force exerted from outside, the emis- 
sion wavelength \ which is inversely proportional to 
1/AE is also changed. For example, if a compres- 
sive stress is exerted on the semiconductor micro- 
needle 2, as shown in FIG. 22, the diameter d of 
the semiconductor micro-needle 2 increases in ac- 
cordance with the Poisson's ratio, while the emis- 
sion wavelength. X shifts toward longer 
wavelengths. On the other hand, if a tensile stress 
is exerted on the semiconductor micro-needle 2, as 
shown in FIG. 22, the diameter d of the semicon- 
ductor micro-needle 2 decreases in accordance 
with the Poisson's ratio, while the emission 
wavelength shifts toward shorter wavelengths. 

FIG. 23(a) shows an example of the structure 
of a stress sensor using an aggregate of semicon- 
ductor micro-needles. In addition to the basic struc- 
ture shown in FIG. 22(a), transparent probes 29a 
and 29b for transmitting an external force to each 
semiconductor micro-needle 2 in the quantized re- 
gion Rqa are provided on the top and bottom faces 
of the silicon substrate 1. FIG. 23(b) shows the 
emission spectra of the second optical signal Sgo2 
output from the quantized region Rqa, in which the 
center emission wavelength of 630 nm has shifted 
about 10 nm toward shorter wavelengths and to- 
ward longer wavelengths in response to compres- 
sion and stretching under 1 Pa, respectively. In 
particular, by connecting the probes 29a and 29b 
for detecting a stress to an object from which an 
external force is to be detected so as to use the 
probes 29a and 29b and the transparent electrode 
4 as stress transmitting means, a stress can be 
converted into an optical signal with high sensitiv- 
ity. In the present embodiment also, the optical 
semiconductor apparatus can be manufactured 
easily by means of the process for a silicon device. 

As will be described in the following embodi- 
ment, it is also possible in the present embodiment 
to detect the second optical signal Sgo2 from the 
quantized region Rqa by means of a light receiving 
element and to convert it into an eieciric siqnal. 

(Eleventh Embodiment) 

Next, a description will be given to an eleventh 
embodiment. FIG. 24 shows the overall structure or 
the semiconductor apparatus according to the elev- 



enth embodiment, which can be used as a pocket 
computer with high performance. There are pro- 
vided on a semiconductor chip 50: a central pro- 
cessing circuit 51 for processing signals associated 
5 with each circuit on the semiconductor chip 50; a 
memory 52; an electric I/O circuit 53; a light receiv- 
ing unit 54 for receiving an optical signal via a 
condensing mechanism; a first light-emitting unit 
for outputting an optical signal; a second light- 

70 emitting unit 56 for displaying a signal via pixels on 
the semiconductor chip 50; a sound-wave sensor 
unit 57 and sound-wave output unit 58 for inputting 
and outputting a sound wave; a display-panel driv- 
ing circuit 59 for driving a display panel composed 

75 of a TFT liquid-crystal panel; and a power-source 
supply unit 60 for converting an optical signal from 
the outside into an electric signal so that each 
circuit on the semiconductor chip 50 is supplied 
with the resulting electric signal as the power 

20 source. The above memory 52, electric I/O circuit 
53, light receiving unit 54, light emitting units 55 
and 56, sound-wave sensor unit 57, sound-wave 
output unit 58, and display-panel driving circuit 59 
are connected to the central processing circuit 51 

25 via signal lines. 

In this structure, of the units described above, 
such units as the central processing circuit 51, 
memory 52, electric I/O circuit 3 have a MOS 
transistor structure similar to that used in the con- 

30 ventional silicon integrated circuit. The light receiv- 
ing unit 54 has a common phototransistor structure. 

On the other hand, each of the first light emit- 
ting unit 55 and second light emitting unit 56 is 
constituted by the quantized region composed of 

35 an aggregate of semiconductor micro-needles simi- 
lar to that used in the above first embodiment and 
the like. 

FIGS. 25(a) to 25(d) show the process of for- 
ming an aggregate of semiconductor micro-needles 

40 in the present embodiment. In each of the draw- 
ings, left-hand views are cross sectional views, 
while right-hand views are plan views. First, as 
shown in FIG. 25(a), a photoresist film Frs is 
formed on the silicon substrate 1. Next, as shown 

45 in FIG. 25(b), F2 vacuum ultraviolet laser light, 
which has been divided into two beams, are ob- 
liquely made incident so that the two beams over- 
lap each other. Subsequently, the interference 
fringe is exposed to be developed. After the first 

50 exposure, those portions of the photoresist film Frs 
corresponding to the intensely exposed portions of 
the interference fringe are removed, resulting in a 
striped mask pattern, as shown in the right-hand 
view of FIG. 25(b). The silicon substrate 1 in the 

65 position shown in FIG. 25(b) is then rotated 90 
degrees, though the drawing thereof is omitted 
here, so that the same two beams of laser light are 
made incident thereon, thereby eventually provid- 
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ing the first dotted mask Ms1 which is several nm 
square. Since the interference fringe of the laser 
light is formed with a specified pitch determined by 
the wavelength and incident angle, the size of the 
dotted mask Msl can be regulated as desired. 
Next, as shown in FIG. 25(c), the silicon substrate 1 
is etched to a depth of 0.5 to several urn using the 
first dotted mask Ms1, thereby forming the ag- 
gregate of semiconductor micro-needles 2. The 
etching conditions are the same as those used in 
the first embodiment Then, after removing the 
photoresist film Frs, the space surrounding each 
semiconductor micro-needle 2 is filled with the 
insulating layer 3 by subjecting the side portions of 
each semiconductor micro-needle 2 to thermal oxi- 
dation, followed by surface flattening. Subsequent- 
ly, as shown in FIG. 25(d), the flattened oxide layer 
on the top ends of the semiconductor micro-nee- 
dles 2 is removed, followed by the formation of the 
transparent electrode 4 over the quantized region 
Rqa. 

The formation of the dotted mask Ms1 by 
patterning the photoresist film Frs is not limited to 
the formation of the interference fringe as in the 
present embodiment. It is also possible to form a 
large number of longitudinal and transverse trench- 
es in a pre-baked photoresist mask by horizontally 
moving the silicon substrate with a probe needle of 
the cantilever of an atomic force microscope being 
pressed onto the silicon substrate under a speci- 
fied pressure, so that the remaining dotted portions 
constitute the dotted mask. It is also possible, in 
forming the dotted mask by patterning the 
photoresist film, to form the oxide film on the 
silicon substrate 1, as in the above first embodi- 
ment, and then pattern the oxide film into dots by 
using the first dotted mask composed of the 
photoresist film, so that they serve as the second 
dotted mask in etching the semiconductor. 

FIG. 26 is a plan view of the semiconductor 
chip 50 according to the present embodiment, in 
which the second light emitting unit 56 composed 
of a large number of quantized regions Rqa (ag- 
gregates of semiconductor micro-needles) ar- 
ranged in matrix are disposed on the semiconduc- 
tor chip 50. That is, each of the quantized regions 
Rqa in the second light emitting unit 56 is turned 
on or off in response to a signal so that a specified 
pattern is displayed, thereby displaying, e.g., the 
results of the defective/nondefective judgments on 
the circuits on the semiconductor chip 50. 

On the other hand, the optical signal output 
from the first light emitting unit 55 is transmitted to 
the outside via an optical fiber. FIG. 27 shows the 
cross sectional structure of the first light emitting 
unit 55, in which the transparent electrode 4 is 
formed over the quantized region Rqa composed 
of an aggregate of semiconductor micro-needles 



and a convex lens 61 serving as a light condensing 
mechanism is disposed on the transparent elec- 
trode 4 with a filter interposed therebetween. The 
second optical signal Sgo2 condensed by the con- 

5 vex lens 61 is output to the outside via the optical 
fiber (not shown). The filter 62 is a band-pass filter 
produced by stacking a plurality of transparent thin 
films, each having a different refractive index, so as 
to cause multiple interference. Although the provi- 

70 sion of the filter 62 is not mandatory, if it is 
required to transmit the signal over a comparatively 
long distance, the filter can suppress the attenu- 
ation of a signal by reducing the width of the 
optical band, so that the filter is preferably provided 

is over the quantized region Rqa of the first light 
emitting unit 55. With the provision of the additional 
condensing mechanism such as a convex lens, the 
connection with the optical fiber, which has been 
provided substantially perpendicular to the surface 

20 of the semiconductor chip 50, is improved. 

The display-panel driving circuit 59 is com- 
posed of a normal MOS integrated circuit, which is 
for using a liquid-crystal display apparatus (LCD) if 
a displaying function covering a large area is re- 

25 quired. 

In the sound-wave sensor unit 57, a thin dia- 
phragm 63 supported at four points is formed on 
the semiconductor chip 50, as shown in FIGS. 28- 
(a) and 28(b), so that a sound wave is converted 
30 into an electric signal based on a phenomenon that 
the amount of displacement of the diaphragm 63 
caused by the sound wave is proportional to a 
variation in the resistance of a bridge (a 
piezoresistance effect). A piezoresistance effect 
35 element has been developed as a stress sensor, 
the technique of which is applied to the present 
embodiment. It is also possible to detect a variation 
in capacitance between the electrode and the sub- 
strate, as if with a condenser microphone. 
40 The above sound-wave output unit 58, com- 

prising a cantilever diaphragm 64 as shown in FIG. 
29, is constituted so that the diaphragm 64 is 
vibrated by an electrostatic force caused by a 
sound signal, thereby generating a sound wave. It 
45 is also possible to drive an external low-power 
speaker with a sound signal, instead of a unit 
having such a structure. 

The above power-source supply unit 60 is a 
circuit for converting light from the outside into 
50 electric energy, so that the resulting electric energy 
is supplied to each circuit on the semiconductor 
chip 50. The power-source supply unit 60 consists 
of: a photodiode for receiving light and converting it 
into a current signal; and a constant voltage circuit 
55 tor receiving the current signal and generating a 
constant voltage of the order of 3 to 5 V (the 
drawing thereof is omitted). When the power 
source is supplied using not light but an elec- 
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tromagnetic wave such as a millimeter wave or a 
microwave, a detection circuit and constant voltage 
circuit, composed of an antenna and a diode, can 
be used instead. 

As has been described in the present embodi- 
ment, a wireless operation of the semiconductor 
apparatus can be accomplished by inputting a sig- 
nal with the use of light or supplying electric power 
with the use of light. Moreover, the delay of a 
signal resulting from a parasitic impedance can be 
minimized by not providing wires for receiving sig- 
nals and electric power. Since multiple functions 
can be implemented by one chip, the semiconduc- 
tor apparatus according to the present embodiment 
can contribute greatly to the miniaturization of a 
portable computer and the like. Since the semicon- 
ductor apparatus according to the present embodi- 
ment is provided with the function of inputting and 
outputting a signal using a sound wave, it can 
contribute to the advancement of a human interface 
of computers. Also in the process of manufacturing 
the semiconductor apparatus, a part of the wiring 
step is not required. jany more, resulting in a reduc- 
tion in manufacturing cost and a higher production 
yield. Furthermore, if an emission displaying func- 
tion and a self-checking function are used in com- 
bination, only defective products can easily be 
screened by the displaying function, so that check- 
ing cost and time can be reduced. 

(Twelfth Embodiment) 

Next, a description will be given to a twelfth 
embodiment. FIGS. 30(a) to 30(d) show the pro- 
cess of manufacturing the optical semiconductor 
apparatus in which a light receiving element and a 
light emitting element are incorporated into an in- 
tegrated circuit. First as shown in FIG. 30(a), there 
is formed on a p-type silicon substrate 1 a MOS- 
FET 70 consisting of: an n-type source 71; an n- 
type drain 72; a gate oxide film 73; a gate elec- 
trode 74; and an inter-layer insulating film 75. Next, 
as shown in FIG. 30(b), the quantized region Rqa 
composed of an aggregate of semiconductor 
micro-needles and functioning as a light emitting 
element is formed in that region with an opening of 
the inter-layer insulating film 75 which is adjacent 
to the region in which the above MOSFET 70 is to 
be formed, in accordance with the process used in 
the above first embodiment. Then, as shown in 
FIG. 30(c), an insulating film 76 is formed with an 
opening corresponding to each quantized region, 
followed by the formation of the transparent elec- 
trode 4 composed of an I TO so as to cover the 
quantized region Rqa and a part of the above 
insulating film 76. Thereafter, a metal wire 77 for 
electrically connecting the drain 72 to the transpar- 
ent electrode 4 is formed. Then, as shown in FIG. 



30(d), over the wire 77 made of metal, polysilicon, 
and the like and over the transparent electrode 4, 
an inter-substrate insulating film 78 is formed with 
an opening corresponding to the quantized region 
5 Rqa, followed by surface flattening. 

On the other hand, there is formed on another 
silicon substrate 1b, a photodiode 79 consisting of 
a p region and an n region and functioning as a 
light receiving element is formed instead of the 

io quantized region Rqa formed in the steps shown in 
FIGS. 30(a) to 30(d), though the drawing thereof is 
omitted. On the photodiode 79 is disposed the 
transparent electrode 4, and the inter-substrate in- 
sulating film 78 with an opening corresponding to 

75 the photodiode is further formed. 

FIG. 31 shows the cross sectional structure of 
the optical semiconductor apparatus in which the 
above two silicon substrates 1a and 1b are joined 
with the inter-substrate insulating film 78 interposed 

20 therebetween, so that the quantized region Rqa 
and the photodiode 79 are opposed to each other. 
The drain 72 of the MOSFET 70 serving as the 
output electrode of the lower logic circuit is con- 
nected to the quantized region Rqa composed of 

25 an aggregate of semiconductor micro-needles, 
each having a thickness of 0.1 urn, via the trans- 
parent electrode 4. If the electric potential of the 
drain 72 as the output electrode is raised to 2 V, 
the first electric signal Sge1 is output so that an 

30 electric field of about 0.2 MV/cm is applied to each 
semiconductor micro-needle in the quantized re- 
gion Rqa. Upon receiving the first electric signal 
Sge1, each semiconductor micro-needle emits 
light, so that the second optical signal Sgo2 is 

35 output from the quantized region Rqa. When the 
second optical signal Sgo2 transmitted by the 
transparent electrode 4 is input to the photodiode 
79, the third electric signal Sge3 is output from the 
photodiode 79. The third electric signal Sge3 is 

40 input to the drain of the lateral MOSFET 70 via the 
metal wire 77. The subsequent signal processing is 
performed in the same manner as in a normal 
integrated circuit. 

Thus, the present embodiment provides an op- 

45 tical semiconductor apparatus into which a com- 
posite device having an optical processing function 
is incorporated, wherein an output signal is con- 
verted from an electric signal to an optical signal 
by a light receiving element formed in an inte- 

■50 grated circuit and then converted again to an elec- 
tric signal. 

(Thirteenth Embodiment) 

55 Next, a description will be given to a thirteenth 

embodiment. FIGS. 32(a) to 32(d) illustrate the pro- 
cess of manufacturing the optical semiconductor 
apparatus, which is constituted so that a light emit- 
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ting element and a light receiving element are 
opposed to each other with a trench interposed 
therebetween. First, as shown in FIG. 32(a), the 
quantized region Rqa, composed of an aggregate 
of semiconductor micro-needles and functioning as 
a light emitting element, and the photodiode 79, 
consisting of a p region and an n region and 
functioning as a light receiving element, are formed 
in two adjoining regions of the silicon substrate 1. 
Next as shown in FIG. 32(b), the inter-layer insulat- 
ing film 75 and the wire 77 made of polysilicon are 
formed over the quantized region Rqa and 
photodiode 79. In this case, it is not required to 
form a transparent electrode over the quantized 
region Rqa and photodiode 79. Next, as shown in 
FIG. 32(c), that region of the silicon substrate 1 
which is interposed between the quantized region 
Rqa and the photodiode 79 and which includes a 
part of the quantized region Rqa and a part of the 
photodiode 79 is etched so as to form a trench 80. 

FIG. 32(d) shows the cross sectional structure 
of the optical semiconductor apparatus that has 
been finished. As shown in the drawing, one side 
portion of the quantized region Rqa serving as a 
light emitting element and one side portion of the 
photodiode 79 serving as a light receiving element 
are exposed. In other words, the quantized region 
Rqa and the photodiode 79 are formed in the side 
walls of the trench 80 so as to face each other. As 
shown in FIG. 1 of the first embodiment, since the 
insulating layer 3 composed of a transparent silicon 
dioxide film is formed so as to surround each 
semiconductor micro-needle 2 in the quantized re- 
gion Rqa, light emission from the quantized region 
Rqa is also observable from its lateral side. Con- 
sequently, in the present embodiment, if the first 
electric signal Sge1 is input to the quantized region 
Rqa via the wire 77, the second optical signal Sgo2 
is output from the quantized region Rqa, which is 
further converted into the third electric signal Sge3 
by the photodiode 79. In the present embodiment, 
the joining of the two substrates is not particularly 
required and the same function as performed by 
the three-dimensional integrated circuit structure of 
the twelfth embodiment can be performed by a 
two-dimensional integrated circuit. Moreover, since 
the present embodiment is free from problems 
associated with alignment, a composite device hav- 
ing an optical processing function can easily be 
disposed in the manufacturing process. 

Although each of the above embodiments has 
used a single-crystal silicon substrate, the present 
invention is not limited to these embodiments. The 
present invention is also applicable to, e.g., single- 
element, semiconductors such as germanium and 
to group ll-V compound semiconductors such as 
GaAs. GaP, GaN, and InP. In particular, if the 
semiconductor micro-needles are formed from a 



material having a band structure of direct-transition 
type such as Ga-As, light emission intensity is 
advantageously increased due to the quantum size 
effects as well as laser light with excellent char- 

5 acteristics can easily be obtained. Moreover, the 
semiconductor micro-needles should not necessar- 
ily be formed from a single-crystal material. It is 
also possible to constitute a highly efficient solar 
battery or the like based on a highly efficient pho- 

/o toelectric conversion, which can be performed by 
using, e.g., an aggregate of amorphous silicon 
micro-needles. 

Although each of the above embodiments has 
formed the aggregate of the semiconductor micro- 

15 needles 2 directly on the silicon substrate 1, the 
present invention is not limited to these embodi- 
ments, it is also possible to form an aggregate of 
semiconductor micro-needles on the silicon sub- 
strate with an insulating film interposed there- 

20 between. In other words, a so-called SOI structure 
can be formed. 

Claims 

25 1. An aggregate of semiconductor micro-needles 
comprising a targe number of semiconductor 
micro-needles juxtaposed in a substrate, each 
of said semiconductor micro-needles having a 
diameter sufficiently small to cause the quan- 

30 turn size effects. 

2. An aggregate of semiconductor micro-needles 
according to claim 1, wherein each of said 
semiconductor micro-needles is formed sub- 

35 stantially perpendicular to the surface of said 

substrate. 

3. An aggregate of semiconductor micro-needles 
according to claim 1, wherein said semicon- 

40 ductor micro-needles are formed discretely. 

4. An aggregate of semiconductor micro-needles 
according to claim 1, further comprising an 
insulating layer formed on the side portions of 

45 each of said semiconductor micro-needles. 

5. An aggregate of semiconductor micro-needles 
according to claim 4. wherein said insulating 
layer is incorporated into said aggregate of 

so semiconductor micro-needles by filling up the 

space surrounding each of the semiconductor 
micro-needles. 

5. An aggregate of semiconductor micro-needles 
55 according to claim 5. wherein 

said semiconductor micro-needles and 
said insulating layer are formed to have sub- 
stantially the same dimension in the axial di- 
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rection of the semiconductor micro-needles 
and 

the top ends of the semiconductor micro- 
needles and of the insulating layer are flat- 
tened. 5 

7. An aggregate of semiconductor micro-needles 
according to claim 4, wherein said insulating 
layer is composed of an oxide. 

10 

8. An aggregate of semiconductor micro-needles 
according to claim 4, wherein said insulating 
layer is composed of a nitride. 

9. An aggregate of semiconductor micro-needles 15 
according to claim 5, wherein said insulating 
layer is composed of two layers of an inner 
oxide layer surrounding each of said semicon- 
ductor micro-needles and an outer nitride layer 
over the inner oxide layer. 20 

10. A semiconductor apparatus, comprising: 

a silicon substrate; and 

a quantized region composed of an ag- 
gregate of semiconductor micro-needles, each 25 
of said micro-needles extending from the sur- 
face of said silicon substrate to a specified 
depth and having a diameter sufficiently small 
to cause the quantum size effects. 

30 

11. A semiconductor apparatus according to claim 

10, further comprising 

optical-signal generating means for gen- 
erating a first optical signal so that the first 
signal is made incident upon said quantized 35 
region, wherein 

said first quantized region receives the first 
optical signal from said optical-signal generat- 
ing means and generates a second optical 
signal. 40 

12. A semiconductor apparatus according to claim 

1 1 , wherein 

said optical-signal generating means is an 
optical converting element for receiving radi- 45 
ation of light and generating said first optical 
signal. 

13. A semiconductor apparatus according to claim 

11 or 12, wherein 50 
a trench is formed in a oart or said silicon 

substrate and 

said quantized region and optical-signal 

generating means are orovided on both sides 

of said trench so as to lace each other. 55 

14. A semiconductor apparatus according to claim 
11. further comprising a circuit for processing 



the second optical signal generated in said 
quantized region, said circuit being disposed 
on said silicon substrate. 

15. A semiconductor apparatus according to claim 
1 0, further comprising an upper electrode over 
said quantized region, said upper electrode 
being electrically connected to the upper end 
of each of said semiconductor micro-needles, 
wherein 

a portion of said silicon substrate which is 
in contact with the lower end of each of said 
semiconductor micro-needles functions as a 
lower electrode. 

16. A semiconductor apparatus according to claim 

15, further comprising electric-signal input 
means for receiving a first electric signal which 
causes a specified potential difference be- 
tween said upper electrode and lower elec- 
trode, wherein 

said quantized region receives said first 
electric signal and generates a second optical 
signal. 

17. A semiconductor apparatus according to claim 

16, wherein said electric-signal input means is 
a light receiving element for receiving radiation 
of light and generating said first electric signal. 

18. A semiconductor apparatus according to claim 
16, further comprising optical detecting means 
for receiving the second optical signal gen- 
erated in said quantized region and generating 
a third electric signal. 

19. A semiconductor apparatus according to claim 
18, wherein said quantized region generates 
the second optical signal when the voltage 
value of said first electric signal is a specified 
value or more. 

20. A semiconductor apparatus according to claim 
18, wherein said light detecting means is pro- 
vided in a portion different from said quantized 
region of said silicon substrate and is com- 
posed of the aggregate of semiconductor 
micro-needles, each micro-needle having a di- 
ameter sufficiently small to cause the quantum 
size effects. 

21. A semiconductor apparatus accordinq to claim 
1 8 or 20, wherein 

said silicon substrate is formed with a 
trench and 

said quantized region and said light de- 
tecting means are disposed on both sides of 
said trench so as to face each other. 
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22. A semiconductor apparatus according to claim 
15, wherein said quantized region is for receiv- 
ing a first optical signal and generating a sec- 
ond electric signal, said semiconductor appara- 
tus further comprising: 5 

optical-signal generating means for gen- 
erating said first optical signal so that the first 
optical signal is made incident upon said quan- 
tized region; and 

an electric circuit for processing the sec- w 
ond electric signal generated in said quantized 
region. 

23. A semiconductor apparatus according to claim 

16 or 17, further comprising, 15 

stress generating means for generating a 
stress in each semiconductor micro-needle in 
said quantized region, said stress being in the 
axial direction of each semiconductor micro- 
needle, wherein 20 

said quantized region receives said first 
electric signal and generates the second op- 
tical signal having ..a wavelength corresponding 
to the stress in each semiconductor micro- 
needle. 25 

24. A semiconductor apparatus according to claim 
23, wherein said stress generating means is 
composed of said upper electrode and of a 
probe connected to the upper electrode so as 30 
to transmit a mechanical force from the out- 
side. 



25. A semiconductor apparatus according to claim 
10, 15, or 23, wherein said semiconductor 
micro-needles are formed so as to be substan- 
tially perpendicular to the surface of said sili- 
con substrate. 

26. A semiconductor apparatus according to claim 
15, wherein said upper electrode is made of a 
transparent material. 

27. A semiconductor apparatus according to claim 
26, wherein said quantized region is a light- 
emitting element for generating a second op- 
tical signal, 

said semiconductor apparatus further com- 
prising a condensing means for condensing a 
second optical signal generated in said quan- 
tized region, said condensing means being 
orovided on said upper electrode. 
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28. A semiconductor apparatus according to claim 

26, wherein 55 

said quantized region is divided into a 
plurality of linearly striped quantized regions in 
which said aggregate of semiconductor micro- 



needles is formed into linear stripes in a plane 
parallel to the surface of the silicon substrate, 

said semiconductor apparatus further com- 
prising linearly striped discrete layers for sepa- 
rating and insulating said linearly striped quan- 
tized regions, each linearly striped discrete 
layer being interposed between any two adja- 
cent linearly striped quantized regions, 

said linearly striped quantized regions and 
linearly striped discrete layers being alternately 
arranged so as to constitute a one-dimensional 
Fresnel lens. 

29. A semiconductor apparatus according to claim 
26, wherein 

said quantized region is divided into a 
plurality of ring-shaped quantized regions in 
which said aggregate of semiconductor micro- 
needles is formed into rings in a plane parallel 
to the surface of the silicon substrate, 

said semiconductor apparatus further com- 
prising ring-shaped discrete layers for separat- 
ing and insulating said ring-shaped quantized 
regions, each ring-shaped discrete layer being 
interposed between any two adjacent ring- 
shaped quantized regions, 

said ring-shaped quantized regions and 
ring-shaped discrete layers being alternately 
arranged so as to constitute a two-dimensional 
Fresnel lens. 

30. A semiconductor apparatus according to claim 
26, wherein 

a plurality of said quantized regions are 
arranged so as to form a specified flat pattern 
in said silicon substrate. 

31. A semiconductor apparatus according to claim 
16, 17, or 30, wherein an LSI provided with an 
additional self-checking circuit is disposed on 
said silicon substrate and 

said quantized region is provided in the 
self-checking circuit of said LSI. 

32. A semiconductor apparatus according to claim 
10, 15, or 25, wherein said semiconductor 
micro-needles are formed discretely. 

33. A semiconductor apparatus according to claim 
10, further comprising an insulating layer 
formed on side portions of each of said semi- 
conductor micro-needles. 

34. A semiconductor apparatus according to claim 
33, wherein said insulating layer is incorpo- 
rated into said aggregate of semiconductor 
micro-needles by fiHing up the space surround- 
ing each of the semiconductor micro-needles. 
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35- A semiconductor apparatus according to claim 
34, wherein 

said semiconductor micro-needles and 
said insulating layer are formed to have sub- 
stantially the same dimension in the axial di- 
rection of the semiconductor micro-needles 
and 

the top ends of the semiconductor micro- 
needles and of the insulating layer are flat- 
tened. 

36. A semiconductor apparatus according to claim 
33, wherein said insulating layer is composed 
of an oxide. 

37. A semiconductor apparatus according to claim 
33, wherein said insulating layer is composed 
of a nitride. 

38. A semiconductor apparatus according to claim 
34 or 35, wherein said insulating layer consists 
of two layers of an inner oxide layer surround- 
ing each semiconductor micro-needle and an 
outer nitride layer over the inner oxide layer. 

39. A semiconductor apparatus according to claim 
10, 15, or 34, further comprising a discrete 
insulating layer which surrounds said quantized 
region so that the quantized region is laterally 
isolated from other regions of said silicon sub- 
strate. 

40. A semiconductor apparatus according to claim 
10, 15, or 34, further comprising an insulating 
film interposed between the tower end of each 
semiconductor micro-needle in said quantized 
region and the silicon substrate. 

41. A semiconductor apparatus according to claim 
10, 15, or 34, wherein each of said semicon- 
ductor micro-needles has a p-n junction in its 
axial direction. 

42. A semiconductor apparatus according to claim 
39, further comprising a lateral electrode con- 
nected to the lower electrode of said silicon 
substrate through said discrete insulating layer. 

43. A semiconductor apparatus according to claim 
42. wherein a pfurality of said lateral eiectrodes 
are provided so as to surround the quantized 
region, satd semiconductor apparatus further 
comprising radio-frequency-eiectric-power ap- 
plying means for applying radio-frequency 
electric power with the same frequency to 
each of said lateral electrodes so that its phase 
chanaes. 



44. A method of manufacturing an aggregate of 
semiconductor micro-needles, comprising the 
steps of: 

forming on a silicon substrate a dotted 
s mask for covering a large number of dot re- 

gions each having a diameter sufficiently small 
to cause the quantum size effects of said 
semiconductor; and 

etching said silicon substrate by using said 
70 dotted mask so as to form a large number of 

semiconductor micro-needles each extending 
from the surface of said silicon substrate to a 
specified depth. 

75 45. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 
claim 44, wherein, in the step of forming said 
dotted mask, a large number of granular ma- 
terials, each having a diameter sufficiently 

20 small to cause the quantum size effects of said 

semiconductor, are deposited directly on said 
silicon substrate so that the granular materials 
constitute a dotted mask. 

25 46. A method of manufacturing an aggregate of 
semiconductor micro-needies according to 
claim 44, wherein, in the step of forming said 
dotted mask, a photoresist film is formed on 
said silicon substrate and then a part of said 

30 photoresist film is mechanically removed by 

means of a probe needle of a cantilever of an 
atomic force microscope so that the dot re- 
gions remain, the remaining portions of the 
photoresist film constituting said dotted mask. 

35 

47, A method of manufacturing an aggregate of 
semiconductor micro-needles according to 
claim 44, wherein, in the step of forming said 
dotted mask, a photoresist is applied onto said 

40 silicon substrate and then said photoresist film 

is patterned so that dot-matrix-pattern portions 
resulting from the interference of light remain, 
the remaining portions of the photoresist film 
constituting said dotted mask. 

45 

48. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 
claim 44, wherein, in the step of forming said 
dotted mask, an insulating film is formed on 

so said silicon substrate and a pre-dotted mask 

for covering a large number of minute dot 
regions is further formed on said insulating film 
so that said insulating film is patterned using 
the pre-dotted mask, the remaining portions of 

55 tne insulating film constituting said dotted 

mask. 
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49. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 
claim 48, wherein, in the step of forming said 
pre-dotted mask, a large number of minute 
granular materials are deposited directly on 
said insulating film so that the granular materi- 
als constitute said pre-dotted mask. 

50. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 
claim 48, wherein, in the step of forming said 
pre-dotted mask, a photoresist film is formed 
on said insulating film and then a part of said 
photoresist film is mechanically removed by 
means of a probe needle of an atomic force 
microscope so that dot regions remain, the 
remaining portions of the photoresist film con- 
stituting said pre-dotted mask. 

51. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 
claim 48, wherein, in the step of forming said 
pre-dotted mask, a photoresist is applied onto 
said silicon substrate and then said photoresist 
film is patterned so that dot-matrix-pattern por- 
tions resulting from the interference of light 
remain, the remaining portions of the photores- 
ist film constituting said pre-dotted mask. 

52. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 
claim 44 or 48, further comprising the step of 
removing said dotted mask after the step of 
forming said aggregate of semiconductor 
micro-needles. 

53. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 
claim 45 or 49, wherein grains of a semicon- 
ductor material are formed as said granular 
materials. 

54. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 
claim 45 or 49, wherein metal seeds serving as 
nuclei for the growth of grains of a semicon- 
ductor material are formed as said granular 
materials. 

55. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 
claim 45 or 49, wherein, after metal seeds are 
formed, grains oi a semiconductor material are 
grown over the metal seeds as said granular 
materials. 

56. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 



claim 45 or 49, wherein grains made of a 
<311>-oriented silicon crystal are formed as 
said granular materials. 

5 57. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 
claim 45 or 49, wherein grains made of amor- 
phous silicon are formed as said granular ma- 
terials. 

70 

58. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 
claim 45 or 49, further comprising the step of 
annealing said granular materials at least once 

r5 so as to reduce the interface after the forma- 

tion of said granular materials. 

59. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 

20 claim 44 or 48, further comprising the step of 

forming an insulating layer so that it surrounds 
each of said semiconductor micro-needles. 

60. A method of manufacturing an aggregate of 
25 semiconductor micro-needles according to 

claim 59, wherein said step of forming an 
insulating layer is performed so that the space 
surrounding each of semiconductor micro-nee- 
dles is filled up with the insulating layer. 

30 

61. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 
claim 60, wherein said step of forming an 
insulating layer is performed by CVD. 

35 

62. A method of manufacturing an aggregate of 
semiconductor micro-needles according to 
claim 59, wherein said step of forming an 
insulating layer is performed by oxidizing the 

40 side portions and top ends of the semiconduc- 

tor micro-needles. 

63. A method of manufacturing a semiconductor 
apparatus, comprising the steps of: 

45 forming on a silicon substrate a dotted 

mask for covering a large number of dot re- 
gions each having a diameter sufficiently small 
\o cause the quantum size effects of said 
semiconductor; 

50 etching said silicon substrate by using said 

dotted mask so as to form a large number of 
semiconductor micro-neeales .oach extending 
;rom the surface of said silicon substrate to a 
specified depth; 

r:5 removing said dotted mask: and 

forming an upper electrode over the upper 
ends of said semiconductor needles, the upper 
electrode being electrically connected to each 
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of said semiconductor micro-needles, 

64. A method of manufacturing a semiconductor 
apparatus according to claim 63, wherein, in 
the step of forming said dotted mask, a large 
number of granular materials each having a 
diameter sufficiently small to cause the quan- 
tum size effects of said semiconductor are 
deposited directly on said silicon substrate so 
that the granular materials constitute a dotted 
mask. 

65. A method of manufacturing a semiconductor 
apparatus according to claim 63, wherein, in 
the step of forming said dotted mask, a 
photoresist film is formed on said silicon sub- 
strate and then a part of said photoresist film is 
mechanically removed by means of a probe 
needle of a cantilever of an atomic force mi- 
croscope so that dot regions remain, the re- 
maining portions of the photoresist film con- 
stituting said dotted mask. 

66. A method of manufacturing a semiconductor 
apparatus according to claim 63, wherein, in 
the step of forming said dotted mask, a 
photoresist film is formed on said silicon sub- 
strate and then said photoresist film is pat- 
terned so that dot-matrix-pattern portions re- 
sulting from the interference of light remain, 
the remaining portions of the photoresist film 
constituting said dotted mask. 

67. A method of manufacturing a semiconductor 
apparatus according to claim 63, wherein, in 
the step of forming said dotted mask, an in- 
sulating film is formed on said silicon substrate 
and a pre-dotted mask for covering a large 
number of minute dot regions is further formed 
on said insulating film so that said insulating 
film is patterned using the pre-dotted mask, 
the remaining portions of the insulating film 
constituting said dotted mask- 



needle of an atomic force microscope so that 
dotted regions remain, the remaining portions 
of the photoresist film constituting said pre- 
dotted mask. 

5 

70. A method of manufacturing a semiconductor 
apparatus according to claim 67, wherein, in 
the step of forming said pre-dotted mask, a 
photoresist film is formed on said silicon sub- 

70 strate and then said photoresist film is pat- 

terned so that dot-matrix-pattern portions re- 
sulting from the interference of light remain, 
the remaining portions of the photoresist film 
constituting said pre-dotted mask. 

75 

71. A method of manufacturing a semiconductor 
apparatus according to claim 64 or 68, 
wherein, in the step of forming said granular 
materials, grains of a semiconductor material 

20 are formed as said granular materials. 

72. A method of manufacturing a semiconductor 
apparatus according to claim 64 or 68, wherein 
metal seeds serving as nuclei for the growth of 

25 grains of a semiconductor material are formed 

as said granular materials. 

73. A method of manufacturing a semiconductor 
apparatus according to claim 64 or 68, 

30 wherein, after metal seeds are formed, grains 

of a semiconductor material are grown over the 
metal seeds as said granular materials. 

74. A method of manufacturing a semiconductor 
35 apparatus according to claim 64 or 68, wherein 

grains made of a <31 1>-oriented silicon crystal 
are formed as said granular materials. 

75. A method of manufacturing a semiconductor 
40 apparatus according to claim 64 or 68, wherein 

grains made of amorphous silicon are formed 
as said granular materials. 

76. A method of manufacturing a semiconductor 
45 apparatus according to claim 64 or 68, further 

comprising the step of annealing said granular 
materials at least once so as to reduce the 
interface after the formation of said granular 
materials. 

50 



68. A method of manufacturing a semiconductor 
apparatus according to claim 67, wherein, in 
the step of forming said pre-dotted mask, a 
large number of minute granular materials are 
deposited directly on said insulating film so 
that the granuiar materials constitute the pre- 
dotted mask. 

39. A method of manufacturing a semiconductor 
apparatus according to claim i57. wherein, in 
the step of forming said pre-aotted mask, a es 
photoresist film is formed on said insulating 
film and then a part of said photoresist film is 
mechanically removed by means of a probe 



77. A method of manufacturing a semiconductor 
apparatus according tc claim 63 or 67. further 
comprising the step of forming an insulating 
layer so that it surrounds each of said semi- 
conductor micro-needles. 

78. A method of manufacturing a semiconductor 
apparatus according to claim 77, wherein, in 
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said step of forming an insulating layer, the 
space surrounding each semiconductor micro- 
needle is filled up with the insulating layer. 

79. A method of manufacturing a semiconductor s 
apparatus according to claim 78, wherein said 
step of forming an insulating layer is per- 
formed by CVD. 

80. A method of manufacturing a semiconductor w 
apparatus according to claim 77, wherein, in 
said step of forming an insulating layer, the 
side portions and top ends of the semiconduc- 
tor micro-needles are oxidized. 

15 

81. A method of manufacturing a semiconductor 
apparatus according to claim 63 or 67, further 
comprising the step of forming a p-n junction 
in said silicon substrate, wherein, 

in said step of forming an aggregate of 20 
semiconductor micro-needles, the semicon- 
ductor micro-needles are formed by perform- 
ing etching to a point at least lower than said 
p-n junction. 

25 

82. A method of manufacturing a semiconductor 
apparatus according to claim 63 or 67, further 
comprising the step of forming a discrete in- 
sulating layer which surrounds the aggregate 

of semiconductor micro-needles so that the 30 
aggregate of semiconductor micro-needles is 
laterally isolated from other regions. 

83. A method of manufacturing a semiconductor 
apparatus according to claim 82, further com- 35 
prising the step of forming at least one lateral 
electrode to be connected to the silicon sub- 
strate through said discrete insulating layer. 

84. A method of manufacturing a semiconductor 40 
apparatus according to claim 83, wherein, in 
said step of forming a lateral electrode, a plu- 
rality of lateral electrodes are formed. 
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